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ABSTRACT 




University of New Hampshire, September 2016 
Manganese is an important drinking water constituent and is often linked to aesthetic and 
operational problems. The increasing use of membrane filtration in drinking water treatment also 
shines a spotlight on emerging new processes such as ceramic microfiltration. This research 
provides a better understanding of how manganese contributes to ceramic membrane fouling 
through surface chemistry. Research was performed at PWN Technologies (PWNT) in Andijk, 
The Netherlands on the site of the full-scale Andijk III water treatment facility, which uses 
ceramic microfilters. Laboratory analysis indicates some transition metals such as manganese 
and iron are adsorbed by the ceramic membrane. The adsorption of these inorganics during 
ceramic microfiltration could cause hydraulically irreversible fouling requiring removal through 
chemically enhanced backwashing (EBW). In practice, this is performed with a low pH EBW 
(pH 2) in combination with hydrogen peroxide (100 ppm). The purpose of this study was to gain 
a better understanding of the interaction between manganese and the ceramic membrane, as well 
as to develop methods for manganese fouling control.  
Jar tests using synthetic manganese solutions, activated alumina (AA) powders, and 
nanostructured ceramic materials (Al2O3 and TiO2 powders) were used to mimic surface 
interactions that take place during ceramic microfiltration. The impacts of surrounding pH, 
  xiii 
 
peroxide concentration, dissolved organic concentration (DOC), and powder types on the 
manganese adsorption were studied. The jar tests showed that the high pH led to more 
manganese adsorption; DOC, in most cases, inhibited manganese adsorption; and peroxide pre-
treatment did not show noticeable differences on the manganese adsorption. Powder properties, 
especially charge properties, had a notable impact on the manganese adsorption, with more 
negatively charged powder adsorbing more positively charged manganese. The “desorption” 
experiments were organized into two groups: desorption of the fresh adsorbed manganese and 
desorption of the “aged” manganese. For the fresh adsorbed manganese, DOC inhibited the 
desorption, while differing peroxide concentrations and low pHs showed no noticeable 
difference. With the “aged” adsorbed manganese, the powder type had a more significant effect, 
and the low pH and peroxide concentrations altered desorption significantly. 
Pilot studies evaluated different EBW methods for fouling control, namely evaluating 
single sodium hypochlorite EBW, single low pH/peroxide EBW, consecutive sodium 
hypochlorite – low pH/peroxide EBWs, and consecutive low pH/peroxide – sodium hypochlorite 
EBWs. Results showed the consecutive sodium hypochlorite – low pH/peroxide EBWs yielded 
the best operation. The sodium hypochlorite EBW removed the organic fouling. Once organics 
were removed, the manganese could be more efficiently removed by the low pH/peroxide EBW.  
 






The introduction chapter provides background and context for the following study.  A 
description of the past and present operations at PWN and the PWN Technologies (PWNT) Pilot 
Facility is also provided.  Ceramic membrane technology in general and in use at PWNT is 
explained. 
1.1 PWN Drinking Water Company 
Provincial Waterworks of North Holland (PWN) was established in 1920 to provide 
drinking water to meet the area’s demand. Groundwater extraction satisfied the demand until it 
became too high to be supported by groundwater alone.  In 1968, PWN built a water treatment 
plant (WTP) in Andijk, transitioning the drinking water source from groundwater to treated 
IJssel Lake surface water.  
Since 1968, there have been three major upgrades to the treatment process, the most 
recent of which occurred in 2014. Figure 1 shows a schematic of the treatment processes at each 
facility upgrade. 
   2 
 
 
Figure 1: Andijk WTP Process Upgrade History (Figure provided courtesy of PWN Technologies) 
The original treatment plant used microstrainers, breakpoint chlorination, coagulation, 
sedimentation, rapid sand filtration, and post chlorination.  This process was upgraded in 1973 
when the world’s first pseudo-moving-bed granular activated carbon (GAC) filter was added to 
the process. The process met all Dutch drinking water standards.  In 2004, PWN became the 
world’s first WTP to use an advanced oxidation process (AOP) in full-scale.  AOP uses 
ultraviolet (UV) light and hydrogen peroxide (H2O2) for protection against pathogenic 
microorganisms and organic micropollutants.  This process also eliminated the need for 
breakpoint chlorination. 
The most recent upgrade, called “Andijk III”, went online in 2014 and has a capacity of 
120,000 m3/day.  Andijk III uses suspended ion exchange (SIX®) and ceramic microfiltration 
(CeraMac®). These new processes replace the coagulation, sedimentation, and rapid sand 
filtration processes. The upgrade allows for removal of dissolved organic carbon (DOC) (Figure 
   3 
 
2) and nitrate, making the downstream AOP much more efficient.  PWNT has a pilot testing 
facility with the same operations and processes as the Andijk III facility.  The processes are on a 
smaller scale and are more easily adjustable for research purposes.  The data obtained in this 
work is based on operations at the pilot facility.   
 
Figure 2: Organic Carbon Detection Analysis of PWNT Pilot Facility Water  
1.1.1 PWNT Pilot Data 
Each week, operators collect samples at the PWNT Pilot Facility and send them to Het 
WaterLaboratorium (HWL). Figure 3 - Figure 5 show compiled data for manganese, iron, and 
DOC through ceramic microfiltration over years of operation. 
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Figure 3: Manganese Concentration Through Ceramic Microfiltration 
An average of 54% of the influent manganese is removed through ceramic 





Figure 4: Iron Concentration Through Ceramic Microfiltration 
 Over time, the influent concentration of iron varies greatly. About 91% of the influent 
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Figure 5: DOC Through Ceramic Microfiltration 
Dissolved Organic Carbon is removed through the ceramic membranes on the magnitude of 
about 34% 
1.2 Ceramic Microfiltration 
1.2.1 Ceramic Microfiltration for Drinking Water Treatment  
Ceramic microfiltration uses ceramic membranes (shown in Figure 6) with a nominal 
pore size of 100nm to sieve the influent water. Membranes used at PWN are 1.5m long with a 
0.18m diameter. Water flows through the membrane and contaminants are removed through 
sieve retention and adsorption sequestration (Madaeni, 1992). The membrane blocks suspended 
colloidal matter larger than 100nm from passing through, and the treated permeate discharges 
from the unit (shown in Figure 7). Retained particles build up, forming a cake layer on the 
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Figure 6: Ceramic Membrane Element (metawater.com) 
 
Figure 7: Structure of Ceramic Membrane Element (metawater.com) 
In addition to the physical separation of particles through size exclusion, smaller colloids 
and ions can be removed through electrostatic surface adsorption. Ceramic membranes are 
primarily made out of inorganic oxides, typically aluminum oxide (Al2O3) and titanium dioxide 
(TiO2) (Muhammad et al. 2009). Due to the surface characteristics of the ceramic membranes, 
certain compounds can adhere to the membrane surface through electrostatic adsorption, 
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removing constituents that are smaller than the membrane pore size. The surface of the 
membrane can also act as a catalytic bed to oxidize dissolved manganese into solid manganese 
oxide (MnO2) or Mn(III). Much of this research studies the interaction between the dissolved 
manganese and the compounds that make up the surface of the membrane. 
1.2.2 Ceramic Versus Polymeric Membranes 
Polymeric membranes are also common in drinking water treatment. Ceramic 
membranes, although they have a higher capital cost, have many advantages over polymeric 
membranes (Figure 8). 
 
Figure 8: Benefits of Ceramic Membranes (Finley, 2005) 
Ceramic membranes excel over polymeric membranes because of their resistance during 
backwashing and enhanced backwashing.  Ceramic membranes are able to handle much higher 
pressures and chemical loading than polymeric membranes because of the material from which 
they are made.  
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1.2.3 Ceramic Membrane Pretreatment 
 Another significant advantage of ceramic membranes is their ability to work with many 
different kinds of pre-treatment.  Zheng et al. (2015) found that either in-line coagulation or 
combined pre-ozone and in-line coagulation were both feasible pre-treatment options for ceramic 
microfiltration.  PWNT found that SIX® is an effective pre-treatment option for ceramic 
microfiltration of surface water as well. Each of these processes efficiently reduce DOC (52% 
removal on average), which causes significant fouling in the ceramic membrane.  The ceramic 
membrane is compatible with any of the pre-treatment methods. 
1.2.4 Ceramic Membrane Systems at the PWN Pilot Facility 
At the PWNT Pilot Facility, there are two ceramic membrane systems in use: the C-1 
(Figure 9) and the C-19 (small-scale CeraMac®) (Figure 10).  All of the ceramic membranes are 
provided by METAWATER and use dead-end filtration.  The C-1 contains a single ceramic 
membrane in one stainless steel vessel, whereas the CeraMac® contains multiple ceramic 
membranes in one vessel. The C-19 houses 19 membranes in one vessel; the full-scale CeraMac® 
at Andijk III houses 200 membranes in each vessel. The CeraMac® system was designed by 
PWN to save space and capital cost, and to increase backwashing productivity by having 
multiple membranes in a single vessel.  
 
 
   9 
 
 
 Figure 9: C-1 Unit 
 
Figure 10: C-19 (CeraMac®) Unit 
   10 
 
Effluent from the SIX® flows through the ceramic membrane then the permeate goes to 
the downstream AOP process.  Flow into the C-1 remains constant at about 28.3 L/min.  A 
backwash happens once either the TMP in the unit increases 100kPa (initial kPa + 100kPa; 
usually around 110kPa unadjusted) or the filtration time reaches 30 minutes.  The TMP usually 
reaches the 100kPa threshold in 20 to 30 minutes.  Over multiple runs with hydraulic 
backwashes in between, the filtration time decreases. The 100kPa threshold is reaches more 
quickly as the hydraulically irreversible fouling increases.  Before the hydraulic backwash, 
permeate fills up both the backwash tank and a permeate holding tank.  With a hydraulic 
backwash, 75L of permeate water is flushed through the ceramic membrane at 5 bar and air is 
flushed through at 2 bar (shown in Figure 11). The backwash takes place within a few seconds.  
For the C-1, 9 hydraulic backwashes are conducted, followed by one enhanced backwash 
(EBW).  For the C-19, there are 11 hydraulic backwashes, then one EBW.   
 
Figure 11: C-1 Schematic 
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Each EBW alternates between an acidic backwash (dosed with hydrochloric acid) with 
hydrogen peroxide (H2O2) and a sodium hypochlorite (NaOCl) backwash.  Before the EBW, the 
backwash tank is filled with permeate and dosed with either H2O2 and hydrochloric acid (HCl) or 
NaOCl.  The chemical solution then flushes into the ceramic membrane unit and soaks for 10 
minutes. The permeate in the holding tank is pumped into the backwash tank during the soaking. 
At the end of the 10-minute soak, the permeate in the backwash tank is used for another 
hydraulic backwash. All of the backwashing is programmed to operate automatically, but cycles 
can be manually altered. Data for the current TMP and backwashing scheme is shown in Figure 
12. 
 
Figure 12: Backwashing Operation 
TMP increases rapidly, but with each hydraulic backwash/air flush, it decreases 
significantly. After each hydraulic backwash, filtration time (time for the TMP to increase 
100kPa) slightly decreases, and there is a slight gradual rise in the initial TMP; this is because of 
the hydraulically irreversible fouling. After each EBW, most of the hydraulically irreversible 
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fouling (chemically reversible fouling) is removed, and the TMP returns to approximately the 
original starting TMP (around 10kPa).  
Research in this paper is based on the C-1 system because of its lower flow. Changing the 
backwashing settings on the C-1 would not affect downstream processes as significantly as on 
the C-19.   





The research description chapter describes the purpose and goals of the research and how 
they are applicable to drinking water treatment at PWNT.   
2.1 Introduction 
 Operating a ceramic membrane is a costly and energy intensive process.  Fouling occurs 
quickly and frequent backwashing is necessary. Hydraulically reversible fouled material is easily 
removed from the surface of the membrane by a quick hydraulic backwash. A more difficult 
problem to solve is removal of hydraulically irreversible fouling material that adsorbs to the 
ceramic membrane surface. Chemical backwashing is necessary to remove this material. In order 
to backwash effectively, the mechanisms of hydraulically irreversible fouling must be studied in 
detail. 
2.2 Manganese in Ceramic Membranes 
During ceramic microfiltration, electrostatic adsorption takes place between the ceramic 
membrane and constituents in the water. PWN data indicates evidence of a slight reduction of 
dissolved manganese through the ceramic membrane (Figure 3). Since the dissolved manganese 
cannot be removed through the sieving action of a ceramic membrane, it is likely being removed 
through electrostatic adsorption onto the surface of the membrane. The adsorbed manganese is 
likely to cause hydraulically irreversible fouling, which requires chemical cleaning to remove. 
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2.3 Research Goal 
  The primary research goal of this study is to address the removal and transformation of 
manganese during ceramic microfiltration and develop methods for manganese fouling control. 
Manganese interacts with the Al2O3 and TiO2 that make up the surface of the ceramic membrane. 
In order to understand membrane fouling and effective methods of cleaning the membrane, it is 
important to “understand interactions a) between fouling materials and membrane, b) between 
cleaning chemicals and fouling materials, c) between cleaning chemicals and membrane, and d) 
among the fouling materials” (Liu et al., 2001). 
2.4 Research Objectives  
 From the research goal, the following research questions were established: 
1. How does manganese interact with different charges of activated aluminum oxide, and 
alumina and titania model materials for the components of ceramic membranes? 
2. How does pH affect the adsorption of manganese onto alumina and titania? 
3. How does the presence of organics in the water matrix affect manganese adsorption onto 
activated aluminum oxide, alumina, and titania?  
4. Does H2O2 pretreatment affect the adsorption of manganese onto alumina? 
5. What is the optimum dosage of H2O2 and pH (based on HCl dosage) to desorb the 
manganese from the ceramic membrane? Do organics in the water alter this dosage? 
6. Does the optimum dosage from the bench-scale experiments benefit the pilot ceramic 
membrane? 
7. Can any other objectives learned from the bench-scale experiments be applied to improve 
the pilot membrane’s backwashing efficiency? 
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2.5 Limitations 
• All research and experiments were conducted at PWN’s Pilot Facility. Only the 
equipment available in the facility was able to be used; with the exception of outsourcing 
analyses. 
• All water used in the experiments either came from PWN Treated IJssel Lake water or 
solutions made from Milli-Q water in the laboratory. This limited the experiments to only 
the natural constituents found in the IJssel Lake or added in synthetically. 
• Manganese test kit had a sensitivity of 0.02mg/L – 5mg/L. 
• Iron test kit had a sensitivity of 0.02mg/L – 3mg/L. 
• Magnesium test kit had a sensitivity of 0.5mg/L - 50 mg/L. 
• Implementation was restricted to the C-1 membrane only. 
• Implementation for the PWNT pilot was restricted to changing backwashing scheme only 
(chemical dosages, frequencies, and orders). Different chemicals for backwash and 
pretreatment were not able to be altered.  
  






 In the literature review chapter, speciation and transformation of manganese are 
discussed. The make up, electrostatic properties, and fouling concerns of ceramic membranes are 
also explained. Important interactions between the foulants, the ceramic membrane surface, and 
backwashing chemicals are examined. 
3.1 Manganese Speciation 
In aqueous environments, manganese typically exists in the II, III, IV, VI, and VII 
oxidation state.  The II and IV oxidation states are the most prevalent and important in natural 
waters. Mn(II) is the manganous ion Mn2+ and is relatively soluble in natural waters. Mn(IV) is 
essentially insoluble and remains as a solid in natural waters. Mn(III) is also fairly insoluble but 
is thermodynamically unstable and disproportionates in aqueous environments (Equation 1) 
(Davies 1985). 
2Mn3+ + 2H2O ⇌ Mn2+ + MnO2 + 4H+     Equation 1 
 Through ceramic membranes, dissolved Mn2+ could either flow through with the 
permeate, adsorb onto the ceramic membrane surface, or be oxidized and removed by sieve 
retention. 
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3.2 Ceramic Membrane Fouling 
3.2.1 Introduction to Fouling 
As with all membranes, ceramic membranes are prone to fouling.  The longer the 
membrane is in use, the more colloids and particles build up and block the pore spaces, 
preventing water from flowing through.  “Membrane fouling is referred to as the flux decline of 
a membrane filter caused by the accumulation of certain constituents in the feed water on the 
surface of the membrane or in membrane matrix” (Liu et al., 2001). There can be cake layer 
formation on the surface as well as a build up in the pores. “Fouling can decrease membrane 
efficiency, increase operating costs, and ultimately decrease the lifetime of the membrane” 
(Munla, 2013).  
 The degree of fouling is described as the flux decline in permeate water caused by the 
build up of particles on its surface. The effect of fouling can be examined through a simplified 
model – the Hagen-Poiseuille equation (Liu et al., 2001): 𝐽 = 	 %&'(∆*+,-.           Equation 2 
Where: J represents the flux through the membrane, ε the porosity of the membrane, dp 
the mean pore diameter of the membrane, ΔP the TMP, δ the effective thickness of the 
membrane, and µ the viscosity of the fluid. When fouling occurs, the porosity and the mean pore 
diameter of the membrane decrease because they are blocked by particle build up. The TMP 
(ΔP) must increase during fouling in order to keep constant flux. TMP requires significant 
energy to increase, making ceramic microfiltration costly when fouling occurs. 
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3.2.2 Fouling Mechanisms 
 There are four different mechanisms of fouling for ceramic membranes as shown in 
Figure 13: complete blocking (A), internal pore blocking (B), intermediate blocking (C), and 
cake formation (D).  
 
Figure 13: Schematic Drawing of Fouling Mechanisms (Bowen et. al., 1995) 
3.2.3 Types of Fouling 
There are four different types of fouling with ceramic membranes: hydraulically 
reversible, hydraulically irreversible, chemically reversible, and chemically irreversible (Figure 
14). Hydraulically reversible fouling is caused by a build up of NOM and large colloids. 
Hydraulically reversible fouling happens quickly and is the root of most of the fouling in ceramic 
membranes; however, it is the easiest to fix. A high-pressure hydraulic backwash at a pressure of 
5 bar with permeate water and an air flux is able to remove the caked-on solids and dislodge 
them from the membrane. Hydraulically irreversible fouling is fouling that cannot be removed 
from the hydraulic backwash (Figure 15). This type of fouling can also be categorized as either 
chemically reversible or chemically irreversible fouling. Chemically reversible fouling is the 
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fouling that can be removed with an enhanced backwash.  An enhanced backwash includes 
soaking the membrane in a chemical solution followed by a hydraulic backwash. Chemically 
irreversible fouling occurs when NOM attaches itself to the membrane, producing a film that 
cannot be removed through backwashing or enhanced backwashing.   
 
Figure 14: Types of Fouling 
 
Figure 15: Hydraulically Reversible Versus Irreversible Fouling (Munla, 2013) 
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3.2.4 Fouling Constituents 
There are four general types of constituents that can cause fouling in membranes: 
particle/colloid, inorganic, microbial/biological, and organic (Liu et al., 2001). 
Particulate and colloidal fouling is caused by suspended particles and colloids 
accumulating on the surface of the membrane. These constituents typically cause hydraulically 
reversible fouling.  
Inorganic fouling is caused by buildup of inorganic precipitates on the membrane surface. 
Inorganic divalent cations “may react with organic molecules to form metal-NOM complexes, 
resulting in a highly compacted fouling layer and substantial flux decline” (Li et al., 2004). At 
PWN, an acidic hydrogen peroxide chemical backwash is used to prevent inorganic fouling. 
Microbial/biological fouling occurs because microorganisms cause the formation of 
biofilms onto membrane surfaces. Bacteria attach and multiply on the membrane surface, 
forming a negatively charged, gel structure that can cover the membrane and penetrate through 
the pores (Li et al., 2004). 
Organic fouling is significant in waters with high NOM, such as surface lake water. 
NOM is typically removed in the membrane by physical processes; however, if the NOM is 
charged, there can be additional rejection in the ceramic membrane (Munla, 2013). At PWN a 
chemical backwash is done with sodium hypochlorite (NaOCl) to remove organic fouling 
buildup from the membrane. 
3.2.5 Ceramic Membrane Backwashing 
Since each type of fouling acts differently, they must be controlled using different 
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methods.  Table 1 shows the effects of different methods of cleaning for the different types of 
fouling constituents. 
Table 1: Effects of Operating Strategy on Membrane Fouling (Liu et al., 2001) 
 
 Hydraulic cleaning is shown to remove particulate and microbial fouling.  Figure 16 
shows (a) the membrane surface before a hydraulic backwash (after 15 minutes of filtration) and 
(b) after a hydraulic cleaning. It is clear that the cake layer that had formed was efficiently 
removed after the hydraulic backwash. 
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Figure 16: (a) Before and (b) After a Hydraulic Cleaning (Hwang et al., 2009) 
 For the constituents that cannot be removed through hydraulic backwashing (organics 
and inorganics), a chemical backwash must be done.  The chemical backwash is efficient at 
removing each of the constituents depending on which chemicals are used. NaOCl, H2O2, and 
HCl are commonly used oxidants for enhanced chemical backwashing for ceramic membranes. 
NaOCl is used to remove the organics that attached to the membranes, H2O2 is used to remove 
the inorganics, and HCl is used to reduce the pH, which can remove scaling and metal oxides 
and promote manganese reduction to the dissolved form. 
3.3 Electrostatic Properties of Ceramic Membranes 
 Ceramic membranes are manufactured to have a neutral charge; however, the surface 
charges often change based on the influent water characteristics. The ceramic membrane has 
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amphoteric behavior (can act as an anion or cation exchanger) when in contact with water. 
Surface charge can also change based on the ionization of different functional groups that are 
attached to the membrane surface (Liu et al., 2001). This ionization is highly pH dependent; in 
pH ranges of natural water, ceramic membranes are typically neutral or slightly negatively 
charged. Depending on the foulants with which the membrane comes into contact, the charge 
could change independently of pH. The surface charge of the ceramic membrane can also change 
due to adsorption of ions (Chevereau et al., 2010). As shown in Figure 17, the positive charge 
occurs because of a proton attaching onto the neutral complex. The negative charge occurs with 
the dissociation of the hydroxyl group on the surface of the alumina with increasing pH.   
 
Figure 17: Point of Zero Charge for Alumina Surface (Kasprzyk-Hordern, 2004) 
 Most colloids, particles, and DOM carry negative charges.  There would be electrostatic 
repulsion between the DOM and the ceramic membrane if the membrane has a neutral/negative 
charge.  The inorganic foulants of concern, Mn2+ and Fe2+, have a positive charge; if the 
membrane has a neutral/negative charge, there would be significant electrostatic adsorption of 
the ions onto the membrane surface. 
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3.4 Interactions of Interest 
3.4.1 Interaction Between Fouling Materials and Ceramic Membranes 
 Ceramic membranes typically consist of aluminum oxide (Al2O3) and titanium dioxide 
(TiO2). The fate of the manganese through the ceramic membrane is an important interaction. 
The Mn2+ could flow through the membrane with no interaction, adsorb onto the surface of the 
membrane, change state and be removed through sieve retention, or interact with other 
constituents in the water. 
  The amount of manganese that electrostatically adsorbs onto the ceramic membrane is, 
in part, due to its surface charge. Since Mn2+ is positively charged, it would electrostatically 
adsorb onto a negatively charged membrane. Based on the influent water conditions, the charge 
of the membrane may change over time. As shown in Figure 18, the amount of manganese 
adsorbed is highly dependent on pH, especially at higher pH levels. 
 
Figure 18: Adsorption of Manganese onto Alumina as a function of pH (adapted from Davies, 1985) 
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At a pH below 8.7, the alumina surface is positively charged and does not adsorb much 
manganese.  Once the alumina surface becomes negatively charged, above pH 8.7, its ability to 
adsorb manganese increases drastically. 
 Along with electrostatic adsorption, Mn2+ can also oxidize onto the ceramic membrane; 
however, the rate of Mn(II) oxidation on the alumina surface is slow (Davies, 1985), making it 
insignificant. 
3.4.2 Interaction Between Cleansing Chemicals and Ceramic Membranes 
  One of the great advantages of using ceramic membranes instead of polymeric 
membranes is their resistance to chemicals.  Because of this, there is not a significant interaction 
between the H2O2, HCl, and NaOCl used in chemical backwashes and the ceramic membranes. 
With polymeric membrane, harsh chemicals break down the membrane material and shorten 
their lifetime and efficiency; with ceramic membranes, this does not occur. 
3.4.3 Interaction Among Fouling Materials 
Water that flows into the ceramic membrane has organics and inorganics that are 
removed through ceramic microfiltration (Figure 5).  There can be coupling between the organics 
and inorganics. Divalent cations have shown to neutralize the negative charge of NOM and 
enhance the rate of fouling (Li et al., 2004). The coupling of divalent cations and organics can 
cause a denser and more adhesive foulant layer that is more difficult to remove (Liu et al., 2001).  
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3.4.4 Interaction Between Cleansing Chemicals and Fouling Material 
The three chemicals used for the chemical backwashing process at PWNT are sodium 
hypochlorite (NaOCl), hydrogen peroxide (H2O2), and hydrochloric acid (HCl). The NaOCl and 
H2O2 are used to reduce the organic fouling and HCl is used to reduce the inorganic fouling.  
Sodium hypochlorite and hydrogen peroxide are primarily used for the removal of fouled 
organics on the membrane.  They are both oxidants and disinfectants and can eliminate 
microorganisms that create a biofilm layer on the ceramic membrane, and they oxidize organic 
matter.  The oxidation of organics increases their hydrophilicity, reducing their adhesion to the 
membrane.  
Hydrogen peroxide, at pH < 2.0, is also proven to have the potential to reduce insoluble 
Mn(III) into dissolved Mn(II). Jacobsen et al. (1998) found that at low pHs (0-2), the equilibrium 
equation (Equation 4) shifts to the right.  𝑀𝑛 𝐼𝐼𝐼 + 	𝐻,𝑂, → 𝑀𝑛𝑂,6 + 2𝐻6 → 𝑀𝑛,6 + 𝐻𝑂, + 𝐻6    Equation 3 
At low pH (0-2): 
 𝑀𝑛𝑂,6 + 𝐻6 ⇄ 𝑀𝑛,6 + 𝐻𝑂,     Equation 4 
If dissolved manganese oxidized to Mn(III) while adsorbing onto the ceramic membrane, 
hydrogen peroxide may be able to dissociate it from the membrane. 
HCl is used for chemical backwashing to dissolve precipitates of inorganic salts, metal 
oxides or hydroxides (Shi et al., 2014).  HCl is a common acid used for this purpose; however, it 
lowers pH, which can cause corrosion on polymeric membranes. Acids can also be efficient in 
removing ions that have coupled with organics.  
  




MATERIALS AND METHODS 
 
 The following chapter describes the materials, design, and methods for the research 
conducted.  This information provides context for the experimental results and discussion. 
4.1 Overall Approach 
 The primary goal of this research is to understand the removal and transformation of 
manganese during ceramic microfiltration and improve pilot membrane efficiency through 
backwashing methods.  
 To accomplish this goal, the research was conducted in three phases: laboratory jar 
testing, pilot implementation at PWNT, and CIP implementation at a PWN pilot facility in the 
United States. 
4.2 Materials 
4.2.1 Bench Scale Jar Testing 
 To conduct the jar tests, clear, plastic, cylindrical 1.0L jars were used.  The jars were 
mixed with a stir bar on a stir plate.  The set up is shown in Figure 19. 
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Figure 19: Jar Test Set Up 
4.2.2 C-1 Pilot 
 The C-1 pilot consists of one METAWATER ceramic membrane (characteristics in 
Figure 20) inside a stainless steel vessel for protection. The SIX® treated IJssel Lake water used 
in jar tests was collected from the C-1 influent sampling port  (Figure 21).  
 
Figure 20: METAWATER Ceramic Membrane Element Characteristics (metawater.com) 
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Figure 21: SIX® Treated/C-1 Influent  Source 
 For the pilot study, C-1 settings were altered through the control panel (Figure 22). The 
parameters that could be altered were: time interval to initiate BW, TMP to initiate BW, 
frequency of BW/EBW, chemical soaking time, chemical dosage (by time), and type of 
backwash (normal, low pH/peroxide, or NaOCl).   
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Figure 22: PWNT C-1 Control Panel 
 
Figure 23: Chemical Storage for Backwashing 
4.2.3 Sigma-Aldrich Chemicals 
 All chemicals were ordered through Sigma-Aldrich at laboratory grade level. The 
following chemicals were used throughout the experiments: 
• Inorganic Compounds 
o MnSO4H2O (MW=169 g/mol) 
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o MgSO4 (MW = 120.37g/mol) 
o Fe(SO4)7H2O (MW = 278.01 g/mol) 
• pH Adjusting 
o 0.1M H2SO4 
o 0.1M and 0.01M NaOH 
• Desorption 
o 30% H2O2  
o 0.1M HCl 
• Activated Alumina (Table 2) 
Table 2: Activated Alumina from Sigma Aldrich 
Activated 
Alumina 





Basic 58Å 150 155 m2/g 7.6 9.5 ± 0.5 
Neutral 58Å 150 155 m2/g 7.0 7.0 ± 0.5 
Acidic 58Å 150 155 m2/g 6.6 4.5 ± 0.5 
 
4.2.4 Inframat Nanostructured Ceramic Materials 
 Powdered alumina and titania was ordered through Inframat (Table 3).  The four powders 
used in this research are commonly used to manufacture ceramic membranes. 
Table 3: Nanostructured Ceramic Materials 







TiO2 Nano-Powder Rutile 50  4.2 5.6 
TiO2 Nano-Powder Anatase 40 >40 3.89 3.6 
Alumina Sub-micro Powder Gamma  70 – 100 3.65 9.1 
Alumina Nano-Powder Gamma 40 >200 3.60 8.5 




 The UV-Spectrophotometer used was a HACH-DR-6000 Spectrophotometer (Figure 24).  
This was used for the in-house UVT, dissolved manganese, iron, magnesium, aluminum, and 
TOC readings.  
 
Figure 24: DR-6000 Spectrophotometer 
4.2.5 Manganese Testing 
 In order to determine the concentration of manganese in solution, two methods of 
analysis were used.  Manganese testing kits were purchased through HACH LANGE that 
determined the concentration of dissolved manganese using the Formaldoxime method and the 
DR-6000 Spectrophotometer. The measuring ranges for the kit are 0.2mg/L – 5mg/L (using a 
10mm rectangular cuvette) and 0.02mg/L – 1mg/L (using a 50mm rectangular cuvette).   
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To check for accuracy and precision of the testing kit, some samples were also sent to 
Het Waterlaboratorium (HWL), located in Haarlem, Netherlands for analysis (methods in 
Appendix B). 
4.2.6 Iron Testing 
To determine the concentration of iron in the samples, an iron detection kit from HACH 
LANGE was used.  The test kit utilizes the DR-6000 Spectrophotometer to conduct the 
Phenanthroline method.  This method has a measuring range of 0.02mg/L – 3.00mg/L Fe2+. 
HWL also analyzed samples according to the methods in Appendix B. 
4.2.7 Magnesium Testing 
 A magnesium detection kit was purchased through HACH LANGE to determine the 
concentration in water samples.  The test kit utilizes the DR-6000 Spectrophotometer to conduct 
the Metalphthalein method. The method has a measuring range of 0.5mg/L – 50mg/L Mg. The 
samples were also sent to and analyzed by HWL according to the methods in Appendix B. 
4.2.8 Aluminum Testing 
 An aluminum detection kit was purchased through HACH LANGE to determine the 
concentration in water samples.  The test kit utilizes the DR-6000 Spectrophotometer to conduct 
the Chromazurol S method. The method has a measuring range of 0.02mg/L – 0.5mg/L Al. 
4.2.9 TOC Testing 
 A total organic carbon (TOC) detection kit was purchased through HACH LANGE to 
determine the concentration in water samples.  The test kit utilizes the DR-6000 
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Spectrophotometer to conduct the purging method/persulphate digestion method. The method 
has a measuring range of 3mg/L – 30mg/L C. 
4.2.10 Zeta Potential Reading 
 The nanostructured ceramic materials were sent to the University of Twente in the 
Netherlands. Measurements were taken on a Nanosizer ZS (Malvern). The powders were 
disperged in water, stirred for 15 minutes and left for 15 minutes.  The pH was set to 2, 4, and 6 
with HNO3 and to 8 and 10 with NH4OH. 
4.2.11. Material Limitations 
 The main limitation for the materials is the type of ceramic membrane material available. 
Because of its proprietary design, the make up of METAWATER membrane is unknown.  
Activated aluminas, alumina powder, and titania powder were used instead. 
4.3 Methods 
4.3.1 Stock Solutions  
High-concentration stock solutions of manganese, iron, and magnesium were prepared.  
In order to keep the pH adjusted properly before the manganese, iron, or magnesium was added, 
a low volume of the high concentration stock was added.  For the manganese, a stock solution of 
200mg/L Mn2+ was prepared by dissolving 0.31grams of MnSO4H2O into 500mL of Milli-Q 
water. For iron, a stock solution of 200mg/L Fe2+ was prepared by dissolving 0.50g of Fe(SO4) 
7H2O into 500mL of Milli-Q water. A stock solution of 2,000mg/L Mg2+ was prepared by 
dissolving 4.95g of MgSO4 into 500mL of Milli-Q. 
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Using Equation 5, 5mL of the stock solution should be added to 995mL of water (Milli-Q 
or Lake IJssel SIX® treated) to obtain a 1mg/L concentration of Mn2+ and Fe2+ or a 10mg/L 
concentration of Mg2+. 
𝑉𝑆 = 𝐶𝐽𝑉𝐽<=          Equation 5 
 Where: VS is the volume of stock to add to the water, CJ is the desired concentration for 
the jar test, VJ is the desired volume of jar test, and CS is the concentration of the stock solution. 
4.3.2 Manganese Concentration Verification with In-House Analysis 
 Using the 200mg/L Mn2+ stock solution, Milli-Q water, and Equation 5, solutions with a 
concentration of 0.05, 0.5, 1.0, 2.0, and 4.0 mg/L were prepared.  Using the manganese testing 
kit, the concentrations were measured to test accuracy of the dilution method and testing kit.  
4.3.3 Manganese Change with pH 
 The pH of 995mL of Milli-Q water was measured with a glass electrode pH meter and 
adjusted to 2, 4, 6, 8, 10, or 12 by adding either 0.1M NaOH or 0.1M H2SO4. Five milliliters of 
the 200mg/L Mn2+ stock solution were added to the adjusted solution to make a 1mg/L solution. 
After mixing for 60 minutes, the dissolved manganese concentration was measured using the in-
house analysis kit.  
4.3.4 Manganese Adsorption with Milli-Q Water 
Either 2.5 grams of the activated alumina (AA) (acidic, neutral, or basic), 1.0 gram of the 
γ-Alumina (sub-micro or Nano-Powder), or 1.0 gram of the titania (rutile or anatase) were added 
to 995mL of Milli-Q water. pH was measured with a glass electrode pH meter. The pH of the 
neutral activated alumina was not altered because the pH was similar to that of the influent 
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water.  For the basic and acidic activated alumina, the pH was adjusted to match the pH of 
neutral AA solution. Either NaOH or H2SO4 was added to adjust the pH to the desired value. 
Once the solution reached the desired pH, 5mL of a 200mg/L Mn2+ stock solution was added to 
the jar while stirring on a stir plate to make an initial concentration of 1mg/L Mn2+.  At the 
sampling times (2, 5, 10, 20, 30, and 60 minutes), 20mL samples were taken using plastic 
syringes.  The samples were then filtered with a 0.45µm filter and analyzed for dissolved 
manganese using the in-house testing kit. The dissolved manganese concentrations were 
converted to percent manganese adsorbed based on the assumption that all of the manganese that 
was not dissolved was adsorbed onto the surface of the alumina (Appendix C: Calculations).  
4.3.5 Manganese Adsorption with SIX® Treated IJssel Lake Water 
 995mL of SIX® Treated IJssel Lake water was collected from the C-1 pilot. Since the 
manganese concentration in the influent water is very low, a spike of 1mg/L of Mn2+ was added 
(5mL of the 200mg/L stock solution) so it could be detected throughout the experiment. The 
initial concentration of dissolved manganese (with the spike) in the water was determined, and 
then either 2.5 grams of the activated alumina, 1.0 gram of the γ-Alumina, or 1.0 gram of the 
Titania were added to the jar. At each of the sampling times, 20mL of the solution was collected, 
filtered, and analyzed for dissolved manganese.  The data was converted to calculate the percent 
of manganese adsorbed.  
4.3.6 Manganese Adsorption with Water Through the PWNT Pilot Facility 
 Samples from the IJssel Lake raw water, SIX® effluent water, C-1 effluent, AOP effluent, 
and GAC effluent were collected from the PWNT Pilot facility.  A portion of the sample was 
sent to the Het Waterlaboratorium for DOC analysis and a portion was used for a bench scale jar 
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test. A 1mg/L Mn2+ spike was added to 995mL of each sample. The initial concentration of 
dissolved manganese (with Mn spike) and %UVT was analyzed in house. 2.5 grams of basic 
activated alumina was added to the sample and mixed for 30 minutes. The remaining dissolved 
manganese was measured in-house and the amount of manganese adsorbed onto the basic 
alumina was calculated. 
4.3.7 Iron, Magnesium, and Manganese Adsorption  
 One gram of acidic AA, neutral AA, basic AA, γ-alumina nanopowder, or TiO2 rutile 
nanopowder was added to either 985mL of Milli-Q water or SIX® Treated IJssel Lake water. The 
pH was determined with a glass electrode pH meter. The pH of the acidic AA and basic AA 
solutions were adjusted to about 6.5 using 0.1M NaOH or 0.1M H2SO4. Five mL of each stock 
solution (200mg/L Fe2+, 2000mg/L Mg2+, and 200mg/L Mn2+) were added to the jar. After 
mixing on a stir plate for 30 minutes, samples were collected and then filtered through 0.45µm 
filters. The concentrations of dissolved iron, magnesium, and manganese were determined using 
the in-house testing kits. Filtered samples were also sent to HWL to be analyzed for dissolved 
iron, magnesium, and manganese concentration. 
4.3.8 Hydrogen Peroxide Pre-treatment Effect on Manganese Adsorption 
 One liter of Milli-Q water with a manganese concentration of 1mg/L and 1L of SIX® 
Treated water with a spike of 1mg/L manganese concentration were prepared. A dose of 0, 50, 
100, 150, or 200 mg/L of H2O2 (calculations in Appendix C: Calculations) and 2.5 grams of 
neutral activated alumina were added to the solution. Samples were collected at 2, 5, 10, 20, 30, 
and 60 minutes and filtered with a 0.45µm filter, then analyzed for dissolved manganese 
concentration. The percent of manganese adsorbed was calculated. 
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4.3.9 Desorption of Manganese and Magnesium with Acidic Hydrogen Peroxide Dosing 
One liter of Milli-Q water with a 1mg/L manganese concentration and 1L of SIX® 
Treated IJssel Lake water with a spike of 1mg/L manganese concentration were mixed with 
either 2.5 grams of neutral activated alumina or 1.0 grams of Titania Rutile Nano-Powder for 60 
minutes. After 60 minutes, 100mL of the solution was dosed with either hydrogen peroxide (0, 
50, 100, 150, 200 mg/L) and/or hydrochloric acid (reach a pH of 2.5, 3.0, 3.5, or neutral – based 
on dosage of HCl without peroxide) and mixed for 10 minutes.  20mL of the solution was then 
filtered with a 0.45µm filter and the amount of dissolved manganese was measured to see how 
efficiently each dose was at desorbing manganese from the alumina/titania. 
4.3.10 Preparation of Aged Manganese 
One liter of Milli-Q water with a 1mg/L manganese concentration was mixed with 25 
grams of either neutral activated alumina or TiO2 Rutile Nano-Powder for 60 minutes. After 24 
hours of settling, the water was drained and the solids were collected. The solids were set aside 
(exposed to air) for 2 weeks.  After the 2 weeks, the solids were used for desorption experiments.   
4.3.11 Desorption of Aged Manganese with Acidic Hydrogen Peroxide Dosing 
 2.5 grams of the aged neutral activated alumina or 0.5 grams of the prepared TiO2 Rutile 
Nano-Powder was added to 120mL of Milli-Q water.  After mixing for one minute, 20mL of the 
solution was collected, filtered, and analyzed for initial manganese concentration.  The 100mL of 
remaining solution was then dosed with either hydrogen peroxide (0 or 100 mg/L dosage) and/or 
hydrochloric acid (reach a pH of 1.5, 3.0, or neutral) and mixed for 10 minutes. 20mL of the 
solution was then collected, filtered, and analyzed for manganese concentration. Since the 
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concentration before adsorption onto the particles could not be calculated, percent manganese 
desorbed could not be calculated. 
4.3.12 PWNT C-1 Pilot Study 
 Using the computer program for the C-1 ceramic membrane at the PWNT Pilot Facility, 
backwashing settings were varied.  The regime of the backwashing was changed to vary the 
frequency of backwashes, chemical dosing concentration, and chemical soaking time. To analyze 
the effectiveness of the chemical cleanings, samples were taken from the feed, permeate, soaking 
solution, and backwash waste.  Unfiltered samples were analyzed in-house for pH, %UVT, TOC.  
The samples were then filtered using a 0.45µm filter and analyzed in-house for manganese, iron, 
and aluminum. TMP data was also measured automatically every minute and downloaded. 
4.3.13 CIP Pilot Implementation in the US 
 Another PWN-run Pilot facility located in the United States uses the same water 
treatment processes for a similar surface water source. The ceramic membranes there are 
currently facing issues with fouling.  The membranes were taken off-line to perform a 
chemically intense cleaning in place with two chemicals. Information obtained from the studies 
performed in PWNT was sent to the US pilot facility to suggest CIP methods. Only two 
chemicals were able to be used because of restrictions at the pilot facility, so sodium 
hypochlorite and hydrochloric acid were suggested. Sodium hypochlorite was flushed through 
the ceramic membrane overnight; the following day hydrochloric acid was flushed through the 
membrane.  The transmembrane pressure was measured for different fluxes to measure the 
efficiency of the CIPs.  
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4.3.14 Method Limitations 
The main methodological limitation of the study was the inability to take the C-1 membrane 
offline and manipulate the influents. Perhaps a more detailed understanding of the surficial 
interactions of the manganese onto the membrane would have been discovered with isolating the 
membrane and feed water. 
  




RESULTS AND DISCUSSION 
The results and discussion chapter presents the experimental data and interpretation 
connecting to the research questions. The conclusions and recommendations are based on 
analysis from this chapter. 
5.1 Accuracy and Precision 
 The accuracy of the dilutions from the high-concentration stock solutions to an intended 
concentration and the accuracy of the manganese in-house testing kit were tested with a series of 
5 dilutions.  
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 As shown in Figure 25, the measured and calculated concentrations were similar. The 
coefficient of correlation for the measured versus calculated concentrations is 0.999. The 
prepared manganese solution and testing kit accuracy was very high and data based on the 
prepared solutions were able to be considered reliable. 




Figure 26: Manganese Change with pH 
The concentration difference of manganese before and after the pH was altered was 
statistically insignificant, as shown by a JMP analysis. 
The two different methods to analyze manganese, in-house testing kit and HWL analysis, 
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Figure 27: Manganese Analysis Accuracy 
 For both water matrices, the two methods of measuring manganese were within 10% 
error (error bar shown). The in-house reading showed a slightly higher concentration but was 
more accurate than the HWL measurement. 
 To determine the precision of the two analysis types, readings for each measurement 
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Figure 28: Manganese Analysis Precision 
Figure 28 shows the range of manganese concentrations for HWL measured and in-house 
measured solutions with 10% error bars.  The analysis methods were within approximately 10% 
of each other for each measurement.  
The measurement of magnesium in Milli-Q water by HWL and by in-house readings 
were compared to the actual concentration to determine the methods’ accuracy (Figure 29). Both 
methods were within 10% error of the actual concentration. 
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 The precision of the two methods across a range of concentrations was also determined 
(Figure 30). The precision was determined by comparing the readings of multiple samples with 
an unknown concentration analyzed both in-house and by HWL. Each magnesium measurement 
was greater than 20% different. Since the two analysis methods were not very similar, they could 
not both be used.  The data produced by HWL was used for all analyses of magnesium, rather 
than the in-house testing kit. This could have led to some inaccuracies because the samples were 
not analyzed at the time and location of collection. 
 
Figure 30: Magnesium Measurement Precision  
 For the iron measurements, the HWL measured concentrations were 11% lower than the 
actual concentration, and the in-house measurement was 33% lower (Figure 31).  The two 
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Figure 31: Iron Measurement Accuracy 
 Similar to the magnesium analyses, the precision of iron measurements from multiple 
samples of an unknown concentration for the in-house and HWL measured samples were 
significantly different (Figure 32). 
 
Figure 32: Iron Measurement Precision 
 For magnesium and iron measurement, the in-house analyses were not accurate or precise 
enough to use.  Some factors influencing this could be the testing kit used, time between sample 
collection and analysis, and degradation/composition of the iron over time.  Because of this, the 
HWL measurements were the only ones used for analysis in this research. This could have led to 
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5.2 pH, Zeta Potential, and Kinetics of Manganese Adsorption 
 Manganese adsorbed at different pHs was observed for Neutral Activated Alumina, 
Gamma-Alumina Nano-Powder, and Rutile phase Titania. The zeta potential of each particle was 
measured by the University of Twente.  The zeta potentials and manganese adsorption over a 
range of pHs is shown in Figure 33 for Neutral Activated Alumina, in Figure 34 for Gamma-
Alumina Nano-Powder, and in Figure 35 for Rutile phase Titania. 
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Figure 34: Manganese Adsorption and Zeta Potential with Gamma-Alumina Nano-Powder 
 
Figure 35: Manganese Adsorption and Zeta Potential with Rutile Phase Titania 
 All three powders showed similar results, with manganese adsorption increasing and zeta 
potential decreasing with an increase of pH. With a more negative zeta potential, the positively 
charged Manganese adsorbs more.  However, between the three particles, the correlation 
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particle’s point of zero charge, the manganese adsorption ranged from about 40% to 85%. The 
zeta potential, alone, does not explain the manganese adsorption. 
 
 
Figure 36: Zeta Potential versus % Manganese Adsorbed 
 The manganese adsorption over 60 minutes was measured for acidic, neutral, and basic 
activated alumina  during a jar test with fixed pH (Figure 37). 
 
Figure 37: Manganese Adsorption for Acidic, Neutral, and Basic Activated Alumina 
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 For each activated alumina, the manganese adsorption increased over time with most of 
the adsorption taking place within 10 minutes. The basic activated alumina adsorbed almost 
twice as much manganese as the acidic and neutral activated alumina.  Basic AA essentially has 
a negative charge, which explains why the positively charge manganese would be more attracted 
and adsorb to its surface. The zeta potentials for each AA are shown in Figure 38. 
 
Figure 38: Zeta Potential for Basic, Neutral, and Acidic Activated Alumina 
 The PZC for basic, neutral, and acidic AA are approximately 7.6, 7.0, and 6.6 
respectively. The pH of each solution was adjusted to about 7.6 (actual pH values in Appendix 
D), above each particle’s PZC.  
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Figure 39: Zeta Potential for Nanostructured Ceramic Materials (data from University of Twente) 
 The pH of the solutions using the four nanostructured ceramic materials did not need to 
be adjusted, because they were all similar to the C-1 influent water’s pH. The zeta potential of 
each powder was estimated based on the measured pH and the Zeta Potential measurements from 
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 Because the manganese adsorption did not directly increase when the zeta potential 
decreased, there is likely not a direct correlation between the two. It is likely that there are other 
parameters that also impact the amount of manganese adsorbed onto the alumina and titania 
surfaces. 
5.3 Dissolved Organic Carbon Impact on Manganese Adsorption 
 Ceramic membrane influent water (SIX® treated water) was used to determine the impact 
of organics on manganese adsorption (Figure 41).  
 
Figure 41: Manganese Adsorption with AA - Milli-Q and SIX® Treated 
 For each Activated Alumina type, the adsorption of manganese was lower when SIX® 
Treated water, with organics present, was used instead of Milli-Q water. It was assumed that the 
major difference between using Milli-Q water versus the SIX® treated water, was the presence of 
organics, regardless of other constituents present. The correlations found may have also been 
impacted by the other constituents, not just the organics present.   Using JMP statistical analysis, 
the decrease in adsorption was statistically significant with a p-value of <0.0001 and an average 
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 For the gamma-alumina powders, similar results were found (Figure 42):  with the SIX® 
Treated water, there was a decrease in manganese adsorption. 
 
 
Figure 42: Manganese Adsorption with Milli-Q and SIX® Treated Water - Gamma-Alumina Powders 
 The titania also showed the same inhibition of manganese adsorption when organics were 
present.  However, after 10 minutes, the rutile titania adsorbed more manganese when organics 
were present. This may have occurred because organics were adsorbing onto other constituents 
in the water. The amount of manganese adsorbed at the end of the 60 minutes for the anatase 
titania was the same for the Milli-Q water and the SIX® Treated water.  The kinetics of the 
adsorption with the titania was much more quick when Milli-Q water was used. This is likely 
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Figure 43: Manganese Adsorption with Milli-Q and SIX® Treated Water - Titania Powders 
 Statistically analyzing the manganese adsorption onto the nanostructured ceramic 
materials with JMP, there was a fairly significant (p-value of 0.0062) correlation between 
presence of organics and manganese adsorption. When organics were present, there was 
approximately 40%, on average, less manganese adsorbed onto the surface of the alumina and 
titania. 
 To determine the correlation between DOC and manganese adsorption, adsorption studies 
were done with basic activated alumina and water from different sampling ports throughout the 
PWNT Pilot Facility.  The concentration of DOC, % UVT, and amount of manganese adsorbed 
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Figure 44: Manganese Adsorption, DOC, and %UVT Throughout PWNT Pilot Facility 
The manganese adsorption did not decrease directly with DOC concentration. As 
previously shown, there is a decrease in manganese adsorption when DOC was present. 
However, as shown in Figure 45, there is no significant correlation between the concentration of 
DOC and manganese adsorption.  
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In Figure 2, the OCD signal shows which kinds of organics were removed through each 
process.  The IJssel Lake influent water has a lot of humics and low molecular weight (LMW) 
compounds. Most of those organics are removed through SIX® treatment and ceramic 
microfiltration.  However, through AOP, more LMW compounds are formed.  The off-trend 
increase of manganese adsorption suggests that the LMW compounds (in raw water and AOP 
effluent) cause an increase in manganese adsorption. 
The SIX® effluent and the C-1 effluent had very similar manganese adsorption (55% and 
52%, respectively); however, the amount of DOC contrasted significantly (3093µg/L and 
1810µg/L, respectively). Since most of the organics removed in ceramic microfiltration are 
biopolymers, it is likely that biopolymers do not affect manganese adsorption. 
Future research opportunities could be to look at the specific types of organic compounds 
contributing to the differences in manganese adsorption.  Different manganese-organic 
complexes likely have different impacts on the adsorption to the ceramic membranes.  Studying 
these interactions would be beneficial to improve the operation of ceramic microfiltration. 
5.4 Impact of Hydrogen Peroxide Pretreatment on Manganese Adsorption 
 Hydrogen peroxide is used for the Advanced Oxidation Process that occurs after ceramic 
microfiltration. Hydrogen peroxide is added before ceramic microfiltration because it has the 
added benefit of stabilizing TMP in the ceramic membranes (Figure 46). The impact of the 
hydrogen peroxide on manganese adsorption was observed for Milli-Q water (no organics 
present - Figure 47) and for SIX® treated water (organics and other constituents present - Figure 
48). 
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Figure 46: Normalized TMP and Specific Flux Using Hydrogen Peroxide Pretreatment for SIX® Treated Water for 
Ceramic Microfiltration (Zheng et. al,. 2013) 
 
Figure 47: Effect of Hydrogen Peroxide Pretreatment Dosage on Manganese Adsorption – Milli-Q Water 
 When no organics were present (Milli-Q water), the manganese adsorption was slightly 
lowered with the addition of hydrogen peroxide. However, the impact of hydrogen peroxide 
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 When using SIX® treated water, there was a statistically significant increase of 
manganese adsorption with hydrogen peroxide dosage (Figure 48). 
 
 
Figure 48: Effect of Hydrogen Peroxide Pretreatment Dosage on Manganese Adsorption – SIX® Treated Water 
 In compiling all of the results, it is evident that the hydrogen peroxide interacts with the 
organics in the water, which alters the manganese adsorption.  A full factorial JMP analysis was 
performed to prove that the effect of hydrogen peroxide dosage alone does not affect the 
manganese adsorption; the interaction between the organics and hydrogen peroxide dosage is 
responsible for the change in manganese adsorption. 
5.5 Magnesium and Iron Adsorption 
 Different aluminas and titanias were used to determine how much manganese, iron, and 
magnesium adsorb to the surface. With a water matrix of Milli-Q water, the adsorbance favored 
iron, then manganese, then magnesium (Figure 49).  The alumina and titania particle type was 
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Figure 49: Magnesium, Iron, and Manganese Adsorption – Milli-Q Water 
 For the SIX® treated water matrix, only data from the neutral and acidic activated 
alumina was analyzed (Figure 50). Results were similar to the Milli-Q water matrix, where iron 
was adsorbed the most, followed by manganese, then magnesium. 
 
 
Figure 50: Magnesium, Iron, and Manganese Adsorption – SIX® Treated Water 
 Based on these results, it is likely that the inorganic compounds in the water also affect 
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5.6 Desorption of Manganese with Alumina and Titania 
The ceramic membrane is soaked in an acidic hydrogen peroxide solution for ten minutes 
(EBW) every 9 (for the C-1 membrane; 11 for the CeraMac) hydraulic backwashes to prevent 
inorganic fouling. For an effective EBW, a large amount of manganese should be desorbed from 
the ceramic membrane.  Once the manganese is desorbed, a hydraulic backwash is able to 
remove the desorbed manganese from the membrane unit.  A bench scale jar test using neutral 
activated alumina (Figure 51 and Figure 52) and TiO2 Rutile Nano-Powder (Figure 53 and 
Figure 54) mimicked the desorption that occurs during EBW. 
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Figure 52: Manganese Desorbed from Neutral AA After Acidic Hydrogen Peroxide Dosing – SIX® Treated Water 
 For both Milli-Q water and SIX® Treated water, when no acid was added (neutral pH), 
very little manganese was desorbed from the alumina. For both water matrices, there wasn’t 
much variation between acidic solutions; once the pH was below 3.5 a large percentage of 
manganese was desorbed. The hydrogen peroxide dose had a statistically significant (p-value of 
0.0011) negative effect on manganese adsorption. However, the negative correlation could have 
occurred because of the unquantified pH change when the hydrogen peroxide was added to the 
solution. The pH increased slightly when more H2O2 was added; which was not accounted for 
with the HCl dosing. The correlation between higher peroxide dosages and lower manganese 
desorption may actually be due to the increase of pH when hydrogen peroxide is added. 
 The manganese desorption with neutral activated alumina study showed that an acidic 
hydrochloric acid solution is effective at desorbing manganese from the alumina. The study also 
showed that the presence of organics decreases the amount of manganese desorbed by about 20% 
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Figure 53: Manganese Desorbed from TiO2 Rutile Nano-Powder After Acidic Hydrogen Peroxide Dosing – Milli-Q 
Water 
 
Figure 54: Manganese Desorbed from TiO2 Rutile Nano-Powder After Acidic Hydrogen Peroxide Dosing – SIX® 
Treated Water 
 Similar results for manganese desorption were found using the TiO2 Rutile Nano-Powder.  
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manganese from the titania. The impact of hydrogen peroxide on manganese desorption was 
inconclusive. Although there is a p-value of 0.0338, the correlation could be caused by the 
increase of pH with the increase of H2O2; this interaction, however, was not quantified. With the 
titania, the organic presence did not have a strong correlation; however, the interaction of pH and 
organics proved to be a significant factor for manganese desorption.  The presence of organics 
decreased the manganese adsorption by about 15%. 
 Through the bench-scale desorption studies, the hydrogen peroxide didn’t prove 
necessary for manganese desorption.  Also, for both neutral activated alumina and TiO2 Rutile 
Nano-Powder, the presence of organic matter (SIX® Treated versus Milli-Q water) inhibited 
manganese desorption. This suggests that NOM-Manganese complexes are more difficult to 
desorb from ceramic membranes than dissolved manganese cations. 
5.7 Desorption of Manganese with Aged Alumina and Titania 
Based on the findings of Jacobsen et al. (1998), at a pH less than 2.0, hydrogen peroxide 
reduces Mn(III) to Mn(II). By leaving the neutral AA and TiO2 rutile powder with manganese 
adsorbed from the MnSO4 solution out for two weeks, some of the adsorbed manganese is 
assumed to have oxidized and formed Mn(III).  For each sample, all manganese that was 
measured in solution after the 10-minute mixing time must have been desorbed from the particle 
since there was no manganese in the solution initially. Manganese desorbed from the neutral AA 
and manganese desorbed from the TiO2 Rutile Nano-powder are shown in Figure 55 and Figure 
56, respectively. 
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Figure 55: Manganese Desorbed from Aged Neutral AA 
 Similar to the previous desorption experiments, the neutral solution did not have any 
effect on desorbing the manganese from the alumina. Acidic solutions were also able to desorb 
more manganese; however, with the aged alumina, the lower pH had even more desorption. 
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Figure 56: Manganese Desorbed from Aged Rutile TiO2 
 For the aged TiO2 Rutile Nano-Powder, there was some desorption with just the 
hydrochloric acid (pH reduction). At a low pH with hydrogen peroxide, even more manganese 
was desorbed from the titania. The manganese (presumably Mn(III)) likely reduced to Mn(II) 
with the low pH and hydrogen peroxide (as predicted by Jacobsen et al.) and desorbed from the 
titania. However, this effect was observed at a pH of 3 and 1.5.  Jacobsen et al. (1998) had found 
that the pH needed to be below 2 in order for this to occur.  Similar to the previous desorption 
experiments (non-oxidized manganese), the difference of adsorption between the acidic solutions 
was insignificant. 
5.8 PWNT Pilot Study 
 Using the C-1 membrane system at PWNT, the feed, permeate, hydraulic backwash 
waste, sodium hypochlorite (NaOCl) backwash waste, and acidic hydrogen peroxide (HCl/H2O2) 
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Figure 57: Manganese in C-1 Pilot System 
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Figure 59: %UVT in C-1 Pilot System 
 The NaOCl enhanced backwash did not remove much manganese or iron, but removed 
the most organics (low %UVT). The HCl/H2O2 EBW waste removed the most manganese and 
iron. 
 Soaking time for the HCl/H2O2 EBW was increased to two hours.  Over the two hours, 
the amounts of manganese, iron, aluminum, and TOC were monitored (Figure 60).  
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 Over the two-hour HCl/H2O2 EBW soak, more manganese, iron, and aluminum were 
removed.  The transmembrane pressure was monitored after the two-hour soak to determine if 
the additional removal of metals helped prevent more fouling. 
 
Figure 61: TMP with Different EBW Soaking Time 
 The TMP for the first run after the longer EBW soak was lower than the first run after the 
10-minute soak. However, the TMP by the 10th run after the longer EBW was just as high as the 
TMP of the 10th run after the 10-minute EBW. Although more metals were removed, increasing 
the time for the HCl/H2O2 EBW did not improve the inorganic fouling issue. 
 Figure 62 shows the TMP for the first and last runs of the enhanced backwashing cycle 
after consecutive EBWs were done (only 4 runs for the HCl/NaOCl scheme, because it 
immediately showed poor results and was stopped).  When the HCl/H2O2 EBW occurred directly 
before the NaOCl EBW (“HCl/NaOCl” on graph), the TMP started high and the filtration time 
was very short. When the NaOCl EBW occurred right before the HCl/H2O2 EBW (“NaOCl/HCl” 
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Figure 62: TMP with Consecutive EBWs 
 Comparing the TMP of the first run after the four types of EBW schemes (HCl/H2O2 
alone, NaOCl alone, HCl/H2O2 followed immediately by NaOCl, and NaOCl followed 
immediately by HCl/H2O2), the NaOCl/HCl only had the third lowest TMP and 3rd longest 
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Figure 63: TMP During First Run of EBW Cycle 
 When comparing the TMP for the last run of the 10-run cycle (4 for the HCl/NaOCl), the 
consecutive NaOCl/HCl EBW scheme had the lowest TMP and the longest filtration time 
(Figure 64). 
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 This reinforces the results found in the bench-scale jar testing. Since more manganese 
was desorbed when no organic matter was present (more desorption with Milli-Q water than with 
SIX® Treated water), it suggests that if organics are removed first (through NaOCl EBW), the 
acidic hydrogen peroxide EBW is more effective for desorbing manganese and other inorganic 
constituents and reducing fouling. 
5.9 Membrane Cleaning in Place at a Pilot Facility in the US 
 During June 2015, a PWN-run pilot facility in the United States conducted a Cleaning in 
Place (CIP) for its ceramic membrane system. The results of improved TMP and fouling 
reduction with the consecutive NaOCl/HCl enhanced backwashing scheme were sent to the 
operators at the US pilot facility. The membranes there were recirculated with a 500ppm of 
NaOCl overnight, followed by a pH 1.5 (through HCl dosing) recirculation overnight. The TMP 
at different fluxes were measured before cleaning, after NaOCl cleaning, and after both 
NaOCl/HCl cleaning was conducted (Figure 65). 
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 The specific flux was calculated from the TMP versus Flux data using Equation 6 (Figure 
66). 
Specific Flux (lmh/bar) = (1/slope)*100      Equation 6 
 Where: slope is the linear slope of the TMP (kPa) versus Flux (lmh) graph. 
 
Figure 66: Specific Flux for the US Pilot Membrane CIP 
In Figure 66, the consecutive NaOCl/HCl cleaning drastically increased the specific flux.  
Although it is not compared to any other CIP methods, the consecutive NaOCl/HCl cleaning 
method showed positive results and may prove to be an efficient method to remove and prevent 
manganese and inorganic fouling. This reinstates the findings from the jar testing and the PWNT 


























CONCLUSIONS AND RECOMMENDATIONS 
 The conclusions and recommendations chapter applies the research findings to the 
objectives presented and in the context of drinking water treatment. Recommendations suggest 
how the conclusions derived from the research can be used, as well as possible topics to further 
the research in the future. 
6.1 Conclusions 
6.1.1 Manganese Adsorption  
 The kinetics of manganese adsorption for each type of particle was quick.  For the three 
activated aluminas, most of the manganese was adsorbed within 10 minutes. For the four types 
of nanostructured ceramic material, most of the manganese had adsorbed within 5 minutes.  
 The pH of the solution had a large impact on manganese adsorption. The more basic 
solutions adsorbed much more manganese than the acidic solutions. Part of this could be because 
of the decrease in the zeta potential with pH.  The more basic the solution, the lower and more 
negative the zeta potential was. The negative zeta potentials attracted more of the positively 
charged manganese. 
 Zeta potentials help to understand trends in the manganese adsorption; however, they are 
not the only factor affecting adsorption. There was not a direct correlation between zeta potential 
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and manganese adsorption.  Other chemical-physical parameters such as BET surface area could 
also impact adsorption.  
 For each of the particles (except for rutile titania), the presence of dissolved organic 
carbon in the water inhibited manganese adsorption. The concentration of DOC did not directly 
impact the manganese adsorption; it is likely that the composition and different types of DOC 
have a larger impact. 
 The hydrogen peroxide pretreatment did not directly impact the manganese adsorption 
onto the alumina. Hydrogen peroxide interacted with the organics that were present in the water. 
The alteration of organics, through hydrogen peroxide pretreatment, increased the amount of 
manganese adsorbed onto the alumina. 
 For each type of particle, iron was adsorbed in the largest percentage, followed by 
manganese, then magnesium. The particle type was not a significant factor, as adsorption of each 
cation was similar. 
6.1.2 Manganese Desorption 
 The manganese desorption studies helped determine what would work well for ceramic 
membrane backwashing. A low pH solution, through hydrochloric acid dosing, increased the 
manganese desorption drastically. More manganese was desorbed from the alumina and titania 
when organics were not present.  The manganese may have coupled with organics, and the 
NOM-Manganese complexes may be more difficult to desorb from the alumina and titania. 
Hydrogen peroxide did not have a significant impact on manganese desorption, except when 
aged alumina and titania were used. With the aged alumina and titania, the manganese had likely 
oxidized to Mn(III) and was easier to desorb with the low pH solution and hydrogen peroxide. 
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6.1.3 Pilot Testing and Implementation 
 Through the studies on the C-1 pilot, the functions of different backwashes were 
understood. The sodium hypochlorite backwash was efficient at removing organics and the low 
pH and hydrogen peroxide backwash was efficient at removing inorganics, such as manganese 
and iron. A longer low pH/H2O2 EBW removed more inorganics, but did not benefit the TMP or 
filtration time of the C-1 membrane. The most effective backwashing scheme used an NaOCl 
EBW followed immediately by a low pH/H2O2 EBW. This scheme follows results found in the 
jar testing where manganese desorption from alumina and titania was higher when no organics 
were present.  The consecutive NaOCl to low pH/H2O2 enhanced backwashing scheme can also 
be applied to membrane CIP.  A NaOCl recirculation followed by a low pH/H2O2 recirculation 
improved the specific flux for ceramic membranes at the pilot facility in the US. 
6.2 Recommendations 
6.2.1 Cleaning in Place at PWNT 
 Since the CIP at the pilot facility in the US was successful in increasing the specific flux 
of the ceramic membranes, the same process is recommended for the ceramic membranes at 
PWNT in Andijk, Netherlands. At the pilot facility in the US, only two chemicals could be used 
(HCl and NaOCl). PWNT does not have a limit of chemicals that can be used, so hydrogen 
peroxide could be added to the low pH recirculation. The preliminary study showed that the 
hydrogen peroxide helped with desorption of Mn(III). The increased specific flux will improve 
performance of the membrane, allow for longer filtration times, and save backwash chemicals 
since backwashing will be less frequent. 
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6.2.2 Pilot Backwash Study 
 Additional studies should be done on the PWNT Pilot membranes to determine if the 
consecutive backwashing scheme is beneficial over a long period.  The consecutive enhanced 
backwashing scheme should also be altered to include more than 10 hydraulic backwashes 
before the EBWs are done.  Because an extra EBW is added, the whole process would be using 
twice the amount of chemicals (2 EBW for every 10 BW, rather than 1 EBW for every 10 BW). 
The filtration time may increase because of the consecutive EBWs, but if the TMP only remains 
low for 10 BWs, then the consecutive EBW scheme will not be beneficial in the long run.  
6.2.3 Manganese Speciation Study 
 The speciation of manganese through the adsorption and desorption tests should be 
studied further.  The calculation of percent manganese adsorbed assumed that all dissolved 
manganese that did not show up after mixing with the alumina or titania was adsorbed onto its 
surface.  This assumption was made based on findings from Davies (1985) that the oxidation of 
Mn2+ onto alumina was slow enough to be insignificant. The assumption was also made, in part, 
because the tests available in the laboratory could not measure other species of manganese. Some 
or all of the manganese that was no longer dissolved in the solution could have oxidized or 
reduced. The manganese would not be measured as dissolved manganese, but it would not 
necessarily be adsorbed onto the surface of the alumina or titania. Further studies should be done 
to determine if the manganese is actually adsorbing onto the alumina and titania rather than 
changing oxidation state. 
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6.2.4 Triple Bottom Line and Life Cycle Analysis 
 A detailed triple bottom line and life cycle analysis should also be done to determine the 
best operation. The lifecycle of the ceramic membrane treatment process includes everything 
from the processing and manufacturing of the ceramic membrane and chemicals, to the final 
disposal of the ceramic membrane unit.  Transportation and cost of chemicals, the energy used in 
operation, and production of water would all be included. Each of these factors would be looked 
at with respect to social, economic, and technologic/environmental aspects. This analysis would 
be able to help determine the best operation for PWN depending on which factors are more 
important. For example, an increase in chemical usage in order to decrease the amount of fouling 
may not actually benefit PWN because the production and transportation costs would be too 
high.  
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 Appendix A:  In-House Chemical Analysis Procedures 
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Manganese Measurement Procedure from Hach® (3 of 4) 














































































































































































































































































































































































   84 
 
Manganese Measurement Procedure from Hach® (4 of 4) 
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Ferrous Iron Measurement Procedure from Hach® (1 of 6) 
 
Iron, Ferrous DOC316.53.01049
1,10-Phenanthroline Method1 Method 8146
0.02 to 3.00 mg/L Fe2+ Powder Pillows or AccuVac® Ampuls
Scope and application: For water, wastewater and seawater.
1 Adapted from Standard Methods for the Examination of Water and Wastewater, 15th ed. 201 (1980).
Test preparation
Instrument-specific information
The tables in this section show all of the instruments that have the program for this test. 
Table 1 shows sample cell and orientation requirements for reagent addition tests, such
as powder pillow or bulk reagent tests. Table 2 shows sample cell and adapter
requirements for AccuVac Ampul tests.
To use either table, select an instrument, then read across to find the corresponding
information for this test.
Table 1  Instrument-specific information for powder pillows





The fill line is to the right. 2495402 
DR 5000 
DR 3900 
The fill line is toward the user.
DR 900 The orientation mark is toward the user. 2401906 
Table 2  Instrument-specific information for AccuVac Ampuls











Samples must be analyzed immediately after collection and cannot be preserved for later analysis.
Install the instrument cap on the DR 900 cell holder before ZERO or READ is pushed.
1
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Ferrous Iron Measurement Procedure from Hach® (2 of 6) 
 
For best results, measure the reagent blank value for each new lot of reagent. Replace the sample with deionized water in
the test procedure to get the reagent blank value. Subtract the reagent blank value from the sample results automatically
with the reagent blank adjust option.
Review the Safety Data Sheets (MSDS/SDS) for the chemicals that are used and use any recommended personal protective
equipment.
Dispose of reacted solutions according to local, state and federal regulations. Use the Safety Data Sheets for disposal
information for unused reagents. Consult the environmental, health and safety staff for your facility and/or local regulatory




Ferrous Iron Reagent Powder Pillows, 25-mL 1 
Sample cells. (For information about sample cells, adapters or light shields, refer to Instrument-
specific information on page 1.) 2 
Refer to Consumables and replacement items on page 6 for reorder information.
AccuVac Ampuls
Description Quantity
Ferrous Iron Reagent AccuVac Ampuls 1 
Beaker, 50-mL 1 
Sample cells (For information about sample cells, adapters or light shields, refer to Instrument-
specific information on page 1.) 1 
Stopper for 18-mm tubes and AccuVac Ampuls 1 
Refer to Consumables and replacement items on page 6 for reorder information.
Sample collection
• Samples must be analyzed immediately after collection and cannot be preserved for
later analysis.
• Collect samples in clean glass or plastic bottles with tight-fitting caps. Fill the bottle
completely and immediately tighten the cap.
• Prevent agitation of the sample or exposure to air.
2 Iron, Ferrous, 1,10-Phenanthroline Method (3.00 mg/L)
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1.  Start program 255 Iron,
Ferrous. For information
about sample cells,
adapters or light shields,
refer to Instrument-specific
information on page 1.
Note: Although the program
name may vary between
instruments, the program
number does not change.
2.  Prepare the blank: Fill
the sample cell with 10 mL
of sample.
3.  Prepare the sample: Fill
a mixing cylinder to the 25-
mL line with sample.
4.  Add the contents of one
Ferrous Iron Reagent
Powder Pillow to the mixing
cylinder.
An orange color shows if
ferrous iron is present in the
sample
5.  Close the cylinder. Invert




6.  Start the instrument
timer. A 3-minute reaction
time starts.
7.  When the timer expires,
clean the blank.
8.  Insert the blank into the
cell holder.
Zero
9.  Push ZERO. The display
shows 0.00 mg/L Fe2+.
10.  Fill a second sample
cell with 10 mL of the
reacted prepared sample.
11.  Clean the prepared
sample.
12.  Insert the prepared
sample into the cell holder.
Iron, Ferrous, 1,10-Phenanthroline Method (3.00 mg/L) 3
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Ferrous Iron Measurement Procedure from Hach® (4 of 6) 
 
Read
13.  Push READ. Results
show in mg/L Fe2+.
AccuVac Ampul procedure
Start
1.  Start program 257 Iron,
Ferrous AV. For information
about sample cells,
adapters or light shields,
refer to Instrument-specific
information on page 1.
Note: Although the program
name may vary between
instruments, the program
number does not change.
2.  Prepare the blank: Fill
the sample cell with 10 mL
of sample.
3.  Prepare the sample:
Collect at least 40 mL of
sample in a 50-mL beaker.
Fill the AccuVac Ampul with
sample. Keep the tip
immersed while the Ampul
fills completely.
4.  Quickly invert the Ampul
several times to mix.
5.  Start the instrument
timer. A 3-minute reaction
time starts.
6.  When the timer expires,
clean the blank.
7.  Insert the blank into the
cell holder.
Zero
8.  Push ZERO. The display
shows 0.00 mg/L Fe2+.
4 Iron, Ferrous, 1,10-Phenanthroline Method (3.00 mg/L)
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Ferrous Iron Measurement Procedure from Hach® (5 of 6) 
 
9.  Clean the AccuVac
Ampul.
10.  Insert the prepared
sample AccuVac Ampul into
the cell holder.
Read
11.  Push READ. Results
show in mg/L Fe2+.
Accuracy check
Standard solution method
Use the standard solution method to validate the test procedure, reagents and
instrument.
Items to collect:
• Ferrous Ammonium Sulfate, hexahydrate
• 1-L volumetric flask, Class A
• 100-mL volumetric flask, Class A
• 2-mL volumetric pipet, Class A and pipet filler
• Deionized water
1. Prepare a 100-mg/L Fe2+ ferrous iron stock solution as follows:
a. Add 0.7022 g of ferrous ammonium sulfate, hexahydrate into a 1-L volumetric
flask.
b. Dilute to the mark with deionized water. Mix well. 
2. Prepare a 2 mg/L ferrous iron standard solution as follows:
a. Use a pipet to add 2.00 mL of the 100-mg/L Fe2+ ferrous iron stock solution into a
100-mL volumetric flask.
b. Dilute to the mark with deionized water. Mix well. Prepare the standard solution
immediately before use.
3. Use the test procedure to measure the concentration of the prepared standard
solution.
4. Compare the expected result to the actual result.
Note: The factory calibration can be adjusted slightly with the standard adjust option so that the
instrument shows the expected value of the standard solution. The adjusted calibration is then
used for all test results. This adjustment can increase the test accuracy when there are slight
variations in the reagents or instruments.
Method performance
The method performance data that follows was derived from laboratory tests that were
measured on a spectrophotometer during ideal test conditions. Users may get different
results under different test conditions.
Program Standard Precision (95% Confidence Interval) Sensitivity
Concentration change per 0.010 Abs change
255 2.00 mg/L Fe2+ 1.99–2.01 mg/L Fe2+ 0.021 mg/L Fe2+
257 2.00 mg/L Fe2+ 1.98–2.02 mg/L Fe2+ 0.023 mg/L Fe2+
Iron, Ferrous, 1,10-Phenanthroline Method (3.00 mg/L) 5
   90 
 
Ferrous Iron Measurement Procedure from Hach® (6 of 6) 
 
Summary of method
The 1,10-phenanthroline indicator in the Ferrous Iron Reagent reacts with ferrous iron
(Fe2+) in the sample to form an orange color in proportion to the iron concentration. Ferric
iron (Fe3+) does not react. The ferric iron concentration can be determined by subtracting
the ferrous iron concentration from the results of a total iron test. The measurement
wavelength is 510 nm for spectrophotometers or 520 nm for colorimeters.
Consumables and replacement items
Required reagents
Description Quantity/test Unit Item no.
Ferrous Iron Reagent Powder Pillow, 25-mL 1 100/pkg 103769 
OR
Ferrous Iron Reagent AccuVac® Ampul 1 25/pkg 2514025 
Required apparatus
Description Quantity/test Unit Item no.
Beaker, 50-mL 1 each 50041H
Stoppers for 18 mm-tubes and AccuVac Ampuls 1 6/pkg 1448000
Recommended standards and apparatus
Description Unit Item no.
Balance, analytical, 80 g x 0.1 mg 100-240 VAC each 2936701 
Ferrous Ammonium Sulfate, hexahydrate, ACS 113 g 1125614 
Flask, volumetric, Class A, 1000-mL each 1457453 
Pipet filler, safety bulb each 1465100
Pipet, volumetric, Class A, 1.00-mL each 1451535 
Water, deionized 4 L 27256





FOR TECHNICAL ASSISTANCE, PRICE INFORMATION AND ORDERING:
Call 800-227-4224
Contact the HACH office or distributor serving you.
www.hach.com techhelp@hach.com
In the U.S.A. –
Outside the U.S.A. –
On the Worldwide Web – ; E-mail –
toll-free
© Hach Company/Hach Lange GmbH, 1989–2013. All rights reserved. 04/2013, Edition 8
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Magnesium Measurement Procedure from Hach® (1 of 4) 
 
Principle
Magnesium ions react with metal phthaleins to give a violet colour.
Range of Application
Raw-, drinking-, and boiler water, soils, substrates, nutrient solutions
Storage Information
The test reagents are stable at +15 to +25°C up to the expiry date
given on the package.
Interferences
There are no known interferences when the tests are used with 
drinking water and boiler water. 
There is no interference from:
Measuring range I < 20 mg/L calcium
Measuring range II < 100 mg/L calcium
The measurement results must be subjected to plausibility checks
(dilute and/or spike the water sample).
pH/Temperature
The pH of the sample must be between pH 4 and pH 9. 
The temperature of the sample and reagents must be between 
15 and 25°C.
CADAS 100 (LPG 185 / ≥ LPG 210)
If this test is not already stored in your instrument please ask
your HACH LANGE Agency for programming instructions.
Safety Advice
On grounds of quality and reliability, the analysis should be















Mg I • F1 = 0 • F2 = 27.16 • K = 4.85
Mg II • F1 = 0 • F2 = 106.7 • K = 4.5
CADAS 30/30S/50/50S 98/04
Mg I • λ: 572 nm • Pro.: 1 • F1 = -22.53 • F2 = 22.53 • K = 5.201
Mg II • λ: 572 nm • Pro.: 1 • F1 = -85.23 • F2 = 85.23 • K = 4.586
ISIS 6000/9000 98/04
Mg I • λ: 565 nm • Pro.: 1 • F1 = -22.56 • F2 = 22.56 • K = 4.905
Mg II • λ: 565 nm • Pro.: 1 • F1 = -86.3 • F2 = 86.3 • K = 4.163
CADAS 100 / LPG 185 98/04
Mg I • λ: 572 nm • F1 = -23.17 • F2 = 23.17 • F3 = 5.44
Mg II • λ: 572 nm • F1 = -87.11 • F2 = 87.11 • F3 = 4.77
CADAS 100 / ≥ LPG 210 98/04
Mg I • λ: 572 nm • F1 = -23.17 • F2 = 23.17 • K = 5.44
Mg II • λ: 572 nm • F1 = -87.11 • F2 = 87.11 • K = 4.77
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1. Insert program filter with relevant symbol (see below). 
2. Select test with relevant key. 
3. Check program control number: –– : 14
4. Insert sample cuvette.
5. Remove sample cuvette.
6. Insert sample cuvette again.
If more than one magnesium sample is to be measured start
the next evaluation at point 2.
Parameter Symbol Meas. range
Magnesium 326 0.5 – 10.0 mg/L
Pipette into the same cuvette
Sample 2 mL
Close cuvette and invert a few times. After 1 min







1. Press ”Mode“ key and check program control number: 
–– : 40
2. Insert program filter 560 nm. 
3. Select test with ”Mode“ key. 
4. Insert sample cuvette.
5. Remove sample cuvette.
6. Insert sample cuvette again.
If more than one magnesium sample is to be measured start
the next evaluation at point 4.
Parameter Display Meas. range
Magnesium – Meas. range I (Mg I) Mg I  LCK 326 0.5 – 10.0 mg/L
Magnesium – Meas. range II (Mg II) Mg II  LCK 326 10 – 50 mg/L
Pipette into the same cuvette
Meas. range I Meas. range II
Sample 2.0 mL 0.5 mL
Close cuvette and invert a few times. After 1 min
thoroughly clean the outside of the cuvette and evaluate.
Edition 98/04
LCK 326LASA 1 / plus 
Edition 90/06Magnesium
Applies to LASA
Pipette into the cuvette test
Buffer solution A (LCK 326 A) 3 mL
Close cuvette and invert a few times until the freeze-dried
contents are completely dissolved. After 2 min thoroughly
clean the outside of the cuvette and evaluate.
Edition 90/06Magnesium
Pipette into the cuvette test
Meas. range I Meas. range II
Buffer solution A (LCK 326 A) 3.0 mL 3.5 mL
Close cuvette and invert a few times until the freeze-dried
contents are completely dissolved. After 2 min thoroughly
clean the outside of the cuvette and evaluate.
Applies to 
LASA 1/plus, LASA 20/30, LP1W, LKT, LP2W,
Photometer with Barcode-System, 
ISIS 6000, CADAS 200Basis, 





1. Select »Barcode Programs».
2. Select test number (see below).
3. Control number must be 4. 
4. Insert sample cuvette and press »Read 1».
5. Remove sample cuvette.
6. Insert sample cuvette again and press »Read 2».
If more than one magnesium sample is to be measured start
the next evaluation at point 4.
Parameter Test-No. Meas. range
Magnesium – Meas. range I (Mg I) 326 0.5 – 10.0 mg/L
Magnesium – Meas. range II (Mg II) 326 10 – 50 mg/L
Pipette into the same cuvette
Meas. range I Meas. range II
Sample 2.0 mL 0.5 mL
Close cuvette and invert a few times. After 1 min
thoroughly clean the outside of the cuvette and evaluate.
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1. Insert filter 550 nm.
2. Press ”Null“ (zero) key. 
3. Insert sample cuvette and press ”Extinktion“ (extinction) key.
Make a note of the display – Ext. 1
4. Remove sample cuvette.
5. Insert sample cuvette again and press ”Extinktion“ 
(extinction) key. Make a note of the display – Ext. 2
Calculation of the magnesium concentration:
Measuring range I : mg/L Mg = (Ext.2 - Ext.1 + 0.179) x 27.16
Measuring range II : mg/L Mg = (Ext.2 - Ext.1 + 0.042) x 106.7
Parameter Meas. range
Magnesium – Meas. range I  (Mg I) 0.5 – 10.0 mg/L
Magnesium – Meas. range II (Mg II) 10 – 50 mg/L
Pipette into the same cuvette
Meas. range I Meas. range II
Sample 2.0 mL 0.5 mL
Close cuvette and invert a few times. After 1 min





1. Insert program filter 550 nm. 
2. Press ”Tests“ key until display (see below) appears.
3. Control number must be 6 (Mg I) or 5 (Mg II).
4. Insert sample cuvette and press ”Null“ (zero) key.
5. Remove sample cuvette.
6. Insert sample cuvette again and press ”Ergebnis“ (result) key.
If more than one magnesium sample is to be measured start
the next evaluation for measuring range I and II at point 4.
Parameter Display Meas. range
Magnesium – Meas. range I  (Mg I) Mg I  LCK 326 0.5 – 10.0 mg/L
Magnesium – Meas. range II (Mg II) Mg II  LCK 326 10 – 50 mg/L
Pipette into the same cuvette
Meas. range I Meas. range II
Sample 2.0 mL 0.5 mL
Close cuvette and invert a few times. After 1 min





AE 326 G / Druckfarbe schwarz / 2
Magnesium
Evaluation
1. Press any key. 
2. Check program control number: –– : 40
3. Select test with ↑ or ↓ key. 
4. Insert sample cuvette.
5. Remove sample cuvette.
6. Insert sample cuvette again.
If more than one magnesium sample is to be measured start
the next evaluation at point 4.
Parameter Display Meas. range
Magnesium – Meas. range I (Mg I) Mg I  LCK 326 0.5 – 10.0 mg/L
Magnesium – Meas. range II (Mg II) Mg II  LCK 326 10 – 50 mg/L
Pipette into the same cuvette
Meas. range I Meas. range II
Sample 2.0 mL 0.5 mL
Close cuvette and invert a few times. After 1 min





1. Insert filter 588 nm. 
2. Select »Dr. Lange« mode.
3. Select test number (see below).
4. Control number must be 4. 
5. Insert sample cuvette and press green key.
6. Remove sample cuvette.
7. Insert sample cuvette again and press green key.
If more than one magnesium sample is to be measured start
the next evaluation at point 5.
Parameter Test-No. Meas. range
Magnesium – Meas. range I (Mg I) 326 0.5 – 10.0 mg/L
Magnesium – Meas. range II (Mg II) 326 10 – 50 mg/L
Pipette into the same cuvette
Meas. range I Meas. range II
Sample 2.0 mL 0.5 mL
Close cuvette and invert a few times. After 1 min
thoroughly clean the outside of the cuvette and evaluate.
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1. Insert sample cuvette.
2. Remove sample cuvette.
3. Insert sample cuvette again.
Parameter Meas. range
Magnesium – Meas. range I (Mg I) 0.5 – 10.0 mg/L
Magnesium – Meas. range II (Mg II) 10 – 50 mg/L
Pipette into the same cuvette
Meas. range I Meas. range II
Sample 2.0 mL 0.5 mL
Close cuvette and invert a few times. After 1 min





1. Check program control number: 
–– : 40 (CADAS 200)
–– : 40 (ISIS 6000) ⇒ Select »CUVETTE TEST« mode. 
2. Select test number (see below).
3. Control number must be 4.  
4. Insert sample cuvette and press green key.
5. Remove sample cuvette.
6. Insert sample cuvette again and press green key.
If more than one magnesium sample is to be measured start
the next evaluation at point 4.
Parameter Test-No. Meas. range
Magnesium – Meas. range I (Mg I) 326 0.5 – 10.0 mg/L
Magnesium – Meas. range II (Mg II) 326 10 – 50 mg/L
Pipette into the same cuvette
Meas. range I Meas. range II
Sample 2.0 mL 0.5 mL
Close cuvette and invert a few times. After 1 min
thoroughly clean the outside of the cuvette and evaluate.
Edition 98/04
LCK 326CADAS 200Basis , ISIS 6000
Magnesium
Evaluation
1. Select »TEST« mode.
2. Select symbol (see below). 
3. Select symbol » > «. 
4. Check factors and measuring wavelength in 
memory »Mem«.
5. Close cuvette compartment – without cuvette – and press 
”NULL“ (zero) key. 
6. Insert sample cuvette and press ”MESS“ (measure) key.
7. Remove sample cuvette. Close cuvette compartment
– without cuvette – and press ”NULL“ (zero) key.
8. Insert sample cuvette again and press 
”MESS“ (measure) key.
If more than one magnesium sample is to be measured start
the next evaluation at point 5.
Parameter Symbol Meas. range
Magnesium – Meas. range I (Mg I) $ 326 n 0.5 – 10.0 mg/L
Magnesium – Meas. range II (Mg II) $ 326 h 10 – 50 mg/L
Pipette into the same cuvette
Meas. range I Meas. range II
Sample 2.0 mL 0.5 mL
Close cuvette and invert a few times. After 1 min
thoroughly clean the outside of the cuvette and evaluate.
Edition 98/04
LCK 326CADAS 100 (LPG 185)
Magnesium
Evaluation
1. Select »TEST« mode.
2. Select symbol (see below). 
3. Control number must be 2 (Mg I) or 6 (Mg II).
4. Close cuvette compartment – without cuvette – and press 
”NULL“ (zero) key. 
5. Insert sample cuvette and press ”MESS“ (measure) key.
6. Remove sample cuvette.
7. Insert sample cuvette again and press 
”MESS“ (measure) key.
If more than one magnesium sample is to be measured start
the next evaluation at point 5.
Parameter Symbol Meas. range
Magnesium – Meas. range I (Mg I) 326 n 0.5 – 10.0 mg/L
Magnesium – Meas. range II (Mg II) 326 h 10 – 50 mg/L
Pipette into the same cuvette
Meas. range I Meas. range II
Sample 2.0 mL 0.5 mL
Close cuvette and invert a few times. After 1 min
thoroughly clean the outside of the cuvette and evaluate.
Edition 98/04
LCK 326CADAS 100 ( ≥ LPG 210)
Photometer with Barcode-System
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Appendix B: HWL Procedures 
HWL Lab Procedure for NOM analysis (1 of 13) 




HWL Lab Procedure for NOM analysis (2 of 13) 





HWL Lab Procedure for NOM analysis (3 of 13) 
 




HWL Lab Procedure for NOM analysis (4 of 13) 




HWL Lab Procedure for NOM analysis (5 of 13) 




HWL Lab Procedure for NOM analysis (6 of 13) 




HWL Lab Procedure for NOM analysis (7 of 13) 
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HWL Lab Procedure for NOM analysis (8 of 13) 
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HWL Lab Procedure for NOM analysis (9 of 13) 
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HWL Lab Procedure for NOM analysis (10 of 13) 
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HWL Lab Procedure for NOM analysis (11 of 13) 
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HWL Lab Procedure for NOM analysis (12 of 13) 
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HWL Lab Procedure for DOC analysis (1 of 6) 
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HWL Lab Procedure for DOC analysis (2 of 6) 
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HWL Lab Procedure for DOC analysis (3 of 6) 
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HWL Lab Procedure for DOC analysis (4 of 6) 
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HWL Lab Procedure for DOC analysis (5 of 6) 
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Appendix C: Calculations 
 
Adsorption Calculation from Measured Dissolved Concentration 
(Assumes all non-dissolved is actually adsorbed to surface) 
 
Dissolved Concentration (mg/L) = Cx  
Initial Volume (L) = VO = 1 
Sample Number = N 
Sample Volume (L) = VS = 0.02 
Current Volume of Solution (L) = VC = VO – VS(N-1) 
Mass Dissolved in Solution (mg) = MD,x = VC * Cx 
Mass Not Dissolved in Solution (mg) = MND,x = MD,1 – MD,x 
Cumulative Mass Removed by Samples (mg) = MRS,x = VS*Cx + MRS,x-1 
Adsorbed (%) = Ax = (MND,x – MRS,x)(100%) 
 
 
Hydrogen Peroxide Dosage Calculations 
 
Molecular Weight of H2O2 = MW = 34.01 g/mol 
Molarity = M = 9.8 mol/L of 30% solution 
% Dilution of Initial H2O2 = D = 10% 
Concentration = CH2O2 = M*MW*D = 33.33 g/L 
Dosage Concentration = CD = 0, 50, 100, 150, and 200mg/L 
Volume of Sample = VS = 1L 
Volume of H2O2 to add = VH2O2 = (CD*VS)/CH2O2 
 
DOSE 
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Appendix D: Jar Test Raw Data 













Manganese Change with pH 






% Mn Lost Acid/Base Added 
20-Apr 1 3 2 0.940 6% 10mL H2SO4 
20-Apr 2 1 4 0.951 5% 400µL H2SO4 
20-Apr 3 2 6 0.992 1% 
0.1µL NaOH + 
180µL H2SO4 
21-Apr 4 6 8 0.953 5% 
10µL NaOH + 10 
µL H2SO4 
21-Apr 5 4 10 0.957 4% 20mL NaOH 
21-Apr 6 5 12 1.57 -57% 1.8mL NaOH 
 
Manganese Reading Accuracy – In-house and HWL Readings 
  HWL Measured (mg/L) Actual (mg/L) In-House Reading (mg/L) 
Milli-Q with Mn Spike 0.99 1 1.04 
SIX Treated with Mn Spike 0.93 1 1.04 
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Magnesium 9 10 10.9 
Iron 0.89 1 0.66 
 










10.1 7.92 0.02 0.01 
10.2 8.25 0.04 0.04 
10.4 8.53 0.18 0.21 
10.4 8.35 0.18 0 
10.7 8.72 0.23 0.1 
10.9 9 0.89 0.61 
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Zeta Potential of Activated Aluminas 
Basic	AA	 Neutral	AA	 Acidic	AA	
pH	 ZP	(mv)	 pH	 ZP	(mv)	 pH	 ZP	(mv)	
2.8	 41	 1.5	 42.2	 2.5	 33	
4.5	 35	 3.8	 33.8	 4.2	 38	
5.7	 40	 5.8	 29.8	 5.3	 38	
6.5	 38	 6.2	 16.5	 6.6	 -1	
7.6	 0	 7.7	 -27	 7.5	 -15	
8.2	 -22	 8.1	 -26.8	 7.8	 -34	
9.2	 -42	 8.6	 -34.1	 9.1	 -24	
 





pH	 ZP	(mv)	 pH	 ZP	(mv)	 pH	 ZP	(mv)	 pH	 ZP	(mv)	
2	 38.4	 2	 44.3	 4.2	 21.7	 2.1	 32.9	
4	 38.8	 4.3	 40.1	 6	 -7.04	 4	 -8.19	
6.2	 30.1	 5.9	 41.6	 8.2	 -39.3	 6.1	 -38.8	
7.9	 10	 7.9	 38.3	 10.1	 -43.1	 8.1	 -42.4	
10.2	 -30.3	 10	 -29.7	 		 		 9.9	 -43.7	
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Manganese Adsorption onto Activated Alumina – Milli-Q Water 
  






Particle Type - 
pH 0 2 5 10 20 30 60 
Acid/Base 
Added 
17-Mar Acidic - 7.36 1.000 0.766 0.738 0.714 0.690 0.692 0.673 
225 µL 
NaOH 
16-Mar Acidic - 7.71 1.000 0.642 0.553 0.478 0.422 0.401 0.398 
210 µL 
NaOH 
23-Mar Acidic - 7.51 1.000 0.690 0.631 0.588 0.539 0.514 0.509 
210 µL 
NaOH 
23-Mar Acidic - 7.86 1.000 0.695 0.678 0.656 0.614 0.627 0.622 
200 µL 
NaOH 
23-Mar Acidic - 4.08 1.000 0.947 1.000 1.000 0.995 0.991 1.000 0 
17-Mar Basic - 7.65 1.000 0.552 0.462 0.384 0.289 0.244 0.200 
775 µL 
H2SO4 
20-Mar Basic - 7.84 1.000 0.513 0.456 0.219 0.095 0.067 0.029 
750 µL 
H2SO4 
20-Mar Basic - 7.93 1.000 0.516 0.386 0.314 0.223 0.189 0.139 
775 µL 
H2SO4 
19-Mar Basic - 9.76 1.000 0.148 0.023 <0.02 <0.02 <0.02 <0.02 0 
20-Mar Neutral - 6.10 1.000 0.702 0.674 0.614 0.550 0.534 0.473 0 
18-Mar Neutral - 6.27 1.000 0.716 0.705 0.679 0.662 0.658 0.652 0 
19-Mar Neutral - 6.50 1.000 0.682 0.631 0.579 0.538 0.486 0.459 0 
16-Mar Neutral - 7.6 1.000 0.736 0.657 0.626 0.608 0.575 0.590 0 
 
pH Impact on Manganese Adsorption onto Neutral Activated Alumina 







12-Mar 1 5 2 0.916 8% 
12-Mar 2 1 4 0.858 14% 
12-Mar 3 3 6 0.453 55% 
12-Mar 4 2 8 0.235 77% 
12-Mar 5 4 10 <0.02 >98% 
12-Mar 6 6 12 0.487 51% 
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Manganese Adsorption with Milli-Q Water onto γ-Alumina and Titania 
   
Dissolved Mn Concentration (mg/L) 
   
Time (mins) 








Powder 0.979 0.726 0.656 0.614 0.640 0.607 0.617 
26-
May 5.92 Titania - Rutile 0.935 0.476 0.476 0.475 0.480 0.447 0.433 
27-
May 6.40 Titania - Anatase 0.976 0.162 0.102 0.087 0.117 0.093 0.116 
 
pH Impact on Manganese Adsorption onto γ-Alumina Nano-Powder 







Adsorbed Acid/Base Added 
28-May 1 5 2 0.971 3% 15mL 0.1 H2SO4 
28-May 2 4 4 0.949 5% 2600µL 0.1M H2S04 
27-May 3 3 6 0.257 74% 120µL 0.1M H2SO4 
27-May 4 1 8 0.188 81% 150µL 0.01M NaOH 
27-May 5 2 10 <0.02 >98% 1100µL 0.01M NaOH 
 
pH Impact on Manganese Adsorption onto and Titania 







Adsorbed Acid/Base Added 
28-May 1 2 2 0.956 4% 15mL 0.1M H2SO4 
29-May 2 5 4 0.868 13% 600 µL 0.1M H2S04 
29-May 3 4 6 0.559 44% 0 
28-May 4 3 8 0.329 67% 120µL 0.01M NaOH 
28-May 5 1 10 <0.02 >98% 800µL 0.01M NaOH 
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Manganese Adsorption with SIX® Treated IJssel Lake Water onto Activated Alumina 
   
Dissolved Mn Concentration (mg/L) 




Type 0 2 5 10 20 30 60 
15-Apr 7.52 Neutral 1.040 0.904 0.850 0.768 0.668 0.612 0.492 
15-Apr 7.50 Neutral 0.962 0.901 0.824 0.697 0.619 0.541 0.547 
15-Apr 7.16 Acidic 1.030 0.963 0.913 0.847 0.766 0.712 0.612 
16-Apr 6.98 Acidic 1.080 1.040 0.976 0.910 0.848 0.801 0.713 
16-Apr 7.75 Basic 1.050 0.891 0.760 0.670 0.563 0.497 0.402 
16-Apr 7.71 Basic 1.050 0.884 0.786 0.683 0.578 0.508 0.404 
 
Manganese Adsorption with SIX® Treated IJssel Lake Water onto γ-Alumina and Titania 
   
Dissolved Mn Concentration (mg/L) 
   
Time (mins) 
Date pH Particle Type 0 2 5 10 20 30 60 
19-May 7.77 
Gamma-Alumina 
Nano-Powder 0.977 0.787 0.733 0.708 0.681 0.661 0.616 
26-May 7.53 
Aluminum Oxide 
Powder 0.970 0.870 0.870 0.850 0.835 0.804 0.787 
26-May 7.59 Titania - Rutile 0.970 0.685 0.574 0.490 0.370 0.287 0.127 
27-May 7.47 Titania - Anatase 0.999 0.625 0.464 0.355 0.242 0.179 0.108 
 
Manganese Adsorption with Water Through the PWNT Pilot Facility 
Water 




after 30 mins 
DOC from 
HWL (µg/L) 
NOVA-INF IJssel Lake Water 75.3% 1.000 0.356 5217 
META-FEED SIX Effluent 91.8% 0.990 0.459 3093 
META-FI C-1 Effluent 94.1% 0.944 0.462 1810 
BERS-EFF AOP Effluent 94.5% 0.945 0.398 1886 
AKF4-EFF GAC Effluent 96.2% 0.970 0.565 1544 
  Milli-Q Mn Solution 100.0% 1.000 0.167 0 
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Hydrogen Peroxide Pre-treatment Effect on Manganese Adsorption – Milli-Q Water 
  Dissolved Mn Concentration (mg/L) 





0 2 5 10 20 30 60 
8-May 0 1.000 0.730 0.529 0.426 0.366 0.369 0.422 
8-May 50 1.000 0.794 0.647 0.546 0.513 0.470 0.464 
8-May 100 1.000 0.783 0.611 0.495 0.469 0.475 0.444 
11-May 150 1.000 0.820 0.646 0.581 0.489 0.446 0.472 
11-May 200 1.000 0.789 0.627 0.513 0.442 0.408 0.358 
 
Hydrogen Peroxide Pre-treatment Effect on Manganese Adsorption – SIX® Treated IJssel Lake 
Water 
  Dissolved Mn Concentration (mg/L) 





0 2 5 10 20 30 60 
12-May 0 0.981 0.885 0.820 0.740 0.628 0.564 0.411 
12-May 50 1.020 0.756 0.652 0.566 0.435 0.320 0.284 
11-May 100 0.988 0.740 0.655 0.549 0.438 0.397 0.308 
12-May 150 1.000 0.730 0.619 0.523 0.407 0.337 0.223 
12-May 200 1.010 0.689 0.587 0.483 0.381 0.316 0.250 
 
Iron, Magnesium, and Manganese Adsorption – Milli-Q Water 










7.05 1-Jun Neutral AA 10.4 0.18 0.75 
6.24 1-Jun Acidic AA 10.1 0.23 0.74 
6.40 1-Jun Basic AA 10.2 0.18 0.77 
5.99 1-Jun Nano Gamma Alumina 10.4 0.02 0.74 
5.99 1-Jun TiO2 - Rutile 10.7 0.04 0.9 
  1-Jun None 10.9 0.89 0.93 
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2-Jun Neutral AA 19.8 0.09 0.76 
2-Jun Acidic AA 20.5 0.21 0.82 
2-Jun Basic AA No Data  No Data   No Data   
2-Jun Nano Gamma Alumina  No Data  No Data    No Data  
2-Jun TiO2 - Rutile  No Data   No Data  No Data   
2-Jun None 21 0.93 0.99 
 
Desorption of Manganese with Acidic Hydrogen Peroxide Dosing – Milli-Q Water and Neutral 
Activated Alumina 


















4-May 18 Neutral 0 0 0.981 0.355 0.324 -5% 
1-May 2 Neutral 0 50 0.978 0.538 0.513 -6% 
1-May 9 Neutral 0 100 1.02 0.459 0.470 2% 
1-May 1 Neutral 0 150 0.978 0.504 0.524 4% 
4-May 19 Neutral 0 200 0.981 0.379 0.311 -11% 
4-May 11 2.5 110.0 0 0.988 0.426 0.916 87% 
1-May 6 2.5 110.0 50 1.02 0.485 0.897 77% 
1-May 4 2.5 110.0 100 0.978 0.51 0.896 82% 
4-May 13 2.5 110.0 150 0.988 0.411 0.816 70% 
1-May 7 2.5 110.0 200 1.02 0.645 0.863 58% 
4-May 15 3.0 72.9 0 0.988 0.389 0.881 82% 
1-May 8 3.0 72.9 50 1.02 0.482 0.918 81% 
4-May 16 3.0 72.9 100 0.981 0.405 0.839 75% 
1-May 3 3.0 72.9 150 0.978 0.527 0.885 79% 
1-May 5 3.0 72.9 200 0.978 0.504 0.882 80% 
4-May 14 3.5 23.70 0 0.988 0.423 0.862 78% 
1-May 10 3.5 23.70 50 1.02 0.465 0.933 84% 
4-May 20 3.5 23.70 100 0.981 0.369 0.828 75% 
4-May 12 3.5 23.70 150 0.988 0.431 0.879 80% 
4-May 17 3.5 23.70 200 0.981 0.392 0.855 79% 
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Desorption of Manganese with Acidic Hydrogen Peroxide Dosing - SIX® Treated IJssel Lake 
Water and Neutral Activated Alumina 


















6-May 9 Neutral 0 0 1.01 0.382 0.323 -9% 
6-May 1 Neutral 0 50 1.02 0.414 0.285 -21% 
7-May 15 Neutral 0 100 1.02 0.396 0.255 -23% 
6-May 7 Neutral 0 150 1.01 0.381 0.249 -21% 
6-May 2 Neutral 0 200 1.02 0.399 0.268 -21% 
6-May 6 2.5 164 0 1.01 0.417 0.849 73% 
7-May 17 2.5 164 50 0.966 0.344 0.719 60% 
6-May 8 2.5 164 100 1.01 0.369 0.732 57% 
7-May 13 2.5 164 150 1.02 0.427 0.79 61% 
7-May 18 2.5 164 200 0.966 0.334 0.745 65% 
6-May 4 3.0 118.5 0 1.02 0.345 0.819 70% 
7-May 19 3.0 118.5 50 0.966 0.359 0.770 68% 
7-May 16 3.0 118.5 100 0.966 0.389 0.701 54% 
6-May 3 3.0 118.5 150 1.02 0.371 0.761 60% 
7-May 11 3.0 118.5 200 1.02 0.437 0.777 58% 
7-May 14 3.5 76.57 0 1.02 0.403 0.859 74% 
6-May 5 3.5 76.57 50 1.02 0.352 0.771 63% 
7-May 12 3.5 76.57 100 1.02 0.432 0.824 67% 
6-May 10 3.5 76.57 150 1.01 0.375 0.785 65% 
7-May 20 3.5 76.57 200 0.966 0.362 0.731 61% 
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Desorption of Manganese with Acidic Hydrogen Peroxide Dosing – Milli-Q Water and TiO2 
Rutile Nano-Powder 


















3-Jun 14 Neutral 0 0 0.977 0.514 0.481 -7% 
3-Jun 15 Neutral 0 50 0.977 0.499 0.439 -13% 
4-Jun 18 Neutral 0 100 0.975 0.452 0.384 -13% 
3-Jun 9 Neutral 0 150 0.983 0.508 0.431 -16% 
3-Jun 5 Neutral 0 200 0.990 0.551 0.467 -19% 
3-Jun 12 2.5 12.0 0 0.977 0.501 0.902 84% 
3-Jun 13 2.5 12.0 50 0.977 0.5 0.88 80% 
4-Jun 20 2.5 12.0 100 0.975 0.44 0.868 80% 
3-Jun 7 2.5 12.0 150 0.983 0.485 0.851 73% 
4-Jun 19 2.5 12.0 200 0.975 0.666 0.894 74% 
3-Jun 8 3.0 10.6 0 0.983 0.46 0.86 76% 
3-Jun 11 3.0 10.6 50 0.977 0.506 0.895 83% 
4-Jun 16 3.0 10.6 100 0.975 0.416 0.828 74% 
3-Jun 4 3.0 10.6 150 0.990 0.741 0.897 63% 
3-Jun 10 3.0 10.6 200 0.983 0.504 0.834 69% 
4-Jun 17 3.5 8.0 0 0.975 0.458 0.868 79% 
3-Jun 1 3.5 8.0 50 0.990 0.541 0.889 78% 
3-Jun 2 3.5 8.0 100 0.990 0.542 0.876 75% 
3-Jun 3 3.5 8.0 150 0.990 0.571 0.833 63% 
3-Jun 6 3.5 8.0 200 0.983 0.475 0.83 70% 
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Desorption of Manganese with Acidic Hydrogen Peroxide Dosing - SIX® Treated IJssel Lake 
Water and TiO2 Rutile Nano-Powder 


















4-Jun 7 Neutral 0 0 0.967 0.222 0.290 9% 
4-Jun 10 Neutral 0 50 0.967 0.149 0.085 -8% 
4-Jun 5 Neutral 0 100 1.01 0.072 0.09 2% 
4-Jun 14 Neutral 0 150 0.890 0.150 0.106 -6% 
5-Jun 20 Neutral 0 200 1.03 0.055 0.1 5% 
4-Jun 8 2.5 127.60 0 0.967 0.194 0.656 60% 
4-Jun 15 2.5 127.60 50 0.890 0.128 0.702 75% 
5-Jun 16 2.5 127.60 100 1.03 0.109 0.672 61% 
4-Jun 12 2.5 127.60 150 0.890 0.185 0.682 70% 
4-Jun 11 2.5 127.60 200 0.890 0.196 0.651 66% 
4-Jun 4 3.0 109.40 0 1.01 0.098 0.659 62% 
4-Jun 1 3.0 109.40 50 1.01 0.152 0.739 68% 
4-Jun 3 3.0 109.40 100 1.01 0.115 0.734 69% 
4-Jun 13 3.0 109.40 150 0.890 0.162 0.684 72% 
4-Jun 6 3.0 109.40 200 0.967 0.229 0.487 35% 
5-Jun 19 3.5 80.20 0 1.03 0.059 0.59 55% 
4-Jun 2 3.5 80.20 50 1.01 0.139 0.796 75% 
5-Jun 18 3.5 80.20 100 1.03 0.085 0.734 69% 
4-Jun 9 3.5 80.20 150 0.967 0.183 0.585 51% 
5-Jun 17 3.5 80.20 200 1.03 0.089 0.737 69% 
 
Desorption of Aged Manganese with Acidic Hydrogen Peroxide Dosing – Neutral AA 











17-Jun 1 Neutral 0 0 <0.02 <0.02 
17-Jun 4 Neutral 0 100 <0.02 <0.02 
17-Jun 2 3.0 36.46 0 <0.02 0.1 
17-Jun 5 3.0 36.46 100 <0.02 0.121 
17-Jun 3 1.5 255.22 0 <0.02 0.206 
17-Jun 6 1.5 255.22 100 <0.02 0.183 
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Desorption of Aged Manganese with Acidic Hydrogen Peroxide Dosing – TiO2 Rutile 











18-Jun 1 Neutral 0 0 <0.02 <0.02 
18-Jun 5 Neutral 0 100 <0.02 <0.02 
18-Jun 2 3.0 25.52 0 <0.02 0.023 
18-Jun 4 3.0 25.52 100 <0.02 0.041 
18-Jun 6 1.5 91.15 0 <0.02 0.024 
18-Jun 3 1.5 91.15 100 <0.02 0.049 
 
C-1 Pilot Constituents 
Source Manganese (mg/L) Iron (mg/L) UVT 
Feed <0.02 0.01 91% 
Permeate <0.02 0.01 94% 
BW 0.077 0.02 82% 
NaOCl EBW 0.023 0.01 66% 
HCl/H2O2 EBW 0.106 0.02 69% 
 
Constituents in 2 Hour Low pH/H2O2 Chemical Soaking in the C-1 Pilot 
Time Mn (mg/L) Fe (mg/L) TOC (mg/L) Al (mg/L) pH H2O2 (mg/L) 
5 <.02 0.02 5.44 0.022 2.07 493.0 
30 0.057 0.04 5.33 <0.02 2.09 475.5 
60 0.111 0.11 5.24 0.111 2.11 462.5 
120 0.130 0.25 4.47 0.278 2.14 484.5 
 
TMP for Cleaning in Place at the PWN Pilot Facility in the US 
Flux (lmh) TMP Before Cleaning (kPa) 
TMP After NaOCl 
Cleaning (kPa) 
TMP After NaOCl/HCl 
Cleaning (kPa) 
0 0 0 0 
100 45 19 5.6 
150 72 31 10.6 
175 90 38 13.4 
200 106 45 15.8 
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Appendix E: JMP Statistical Analysis 
Effects Test of pH on Manganese Concentration 
 
Effects Test of Organics on Manganese Adsorption - AA 
 
 
Prediction Profiler for Organic Impact on Manganese Adsorption – AA 
 
 
Effects Test of Organics on Manganese Adsorption - Nanostructured Ceramic Material 
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Prediction Profiler for Organic Impact on Manganese Adsorption – Nanostructured Ceramic 
Material 
 
Hydrogen Peroxide Pretreatment Effects Test from JMP Analysis – Milli-Q Water 
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Hydrogen Peroxide Pretreatment Effects Test from JMP Analysis 
 
 
Manganese Desorption from Neutral AA Effects Tests from JMP Analysis 
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Manganese Desorption from TiO2 Rutile Effects Tests from JMP Analysis 
 
 
Manganese Desorption from TiO2 Rutile - Interaction Profiler from JMP Analysis 
 
